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ABSTRACT 


A  program  to  determine  the  phenomenological  oxidation  behavior  of  five 
commercial  nickel-base  alloyB  (IN-100,  SM-200,  Inco  713C,  Rene  41,  and 
U-700)  and  one  experimental  alloy  (Rene  Y)  is  described  to  assure  the 
intelligent  application  of  these  alloys  and  aid  in  the  development  of 
alloys  with  improved  surface  stability. 


The  oxidation  characteristics  were  established  as  a  function  of  alloy 
composition,  surface  preparation,  and  environmental  variables  such  as 
time  (fi  min  to  1000  hrs) ,  temperature  (1400  to  2100°?),  and  air  flow 
rate  (to  75  ft/sec).  The  extent  of  scale  and  subscale  reactions  were 
measured,  the  reaction  products  identified  and  correlated  with  morphology, 
and  the  accompanying  kinetics  of  their  formation  studied. 


The  oxidation  behavior  of  these  alloys  1b  complex  due  to  the  interplay 
between  heterogeneous  oxide  growth,  oxide  interaction,  oxide  volatili¬ 
zation,  and  spalling.  However,  the  general  oxidation  behavior  is 
controlled  by  the  competition  between  scaling  and  internal  oxidation 
reactions  which  could  be  estimated  by  thermodynamics.  Increased  air 
flow,  thermal  cycling,  and  surface  deformation  generally  decreased  the 
oxidation  resistance  of  the  alloys.  All  the  commercial  alloys  would  be 
limited  to  service  temperatures  below  1800°F  due  to  oxcossive  spalling, 
oxide  vaporization,  or  intergranular  oxidation.  Rene  Y  displayed 
potential  application  at  temperatures  in  excess  of  2000"F  due  tc  the 
lanthanum  induced  formation  of  a  protective  MnCra04  spinel  oxide. 


Higher  Al/Cr  ratios  (lower  Cr)  and  minor  additions 
Mn  were  suggested  and  demonstrated  as  an  effective 
surface  stability  of  nickel-base  alloys. 


of  "rare 
means  of 


earths"  and 
Improving  the 


ill 


TABLE  OF  CONTENTS 


Page  No. 


I.  INTRODUCTION  .  1 

II.  CONCLUSIONS  AND  RECOMMENDATIONS  .  3 

2.1  Conclusions  .  3 

2.2  Recommendations  .  5 

III.  EXPERIMENTAL .  6 

3.1  Materials  .  ......  .  6 

3.1.1  Alloy  Selection  .  6 

3.1.2  Alloy  Procurement  and  Characterization  .  .  8 

3.2  Specimen  Preparation . .  .  11 

3.2.1  Continuous  Weight-Ga^n  Specimens  .  16 

3.2.2  Other  Type  Specimens .  lg 

3.3  Tost  Apparatus  and  Procedures 

3.3.1  Continuous  Weight-Gain  Testing  .  17 

3.3.2  Isothermal  (Static)  And  Cyclic  Oxidation 

Testing  .  21 

3.3.3  Flame  Tunnel  Testing  .  21 

3.3.4  Thin  Film  Oxidation .  23 

3.4  Measurement  of  Subscale  Reactions  .  23 

3.5  Reaction  Product  Identification  Procedures  ....  27 

3.5.1  X-Ray  Diffraction  .  28 

3.5.2  Electron  Microprobo  X-Ray  Analysis  ....  28 

3.5.3  Light  Microscopy  .  29 

3.5.4  Electron  Microscopy  .  29 

3.5.5  Electron  Diffraction  .  29 


TV.  RESULTS 


4.1  Oxidation  Kinetics  .  30 

4.1.1  Reno  Y .  32 

4.1.2  IN-100 .  37 

4.1.3  SM-200  42 


iv 


TABLE  OF  CONTENTS 


(Continued) 

4.1.4  Inco  713C .  42 

4.1.5  Comparison  of  Alloy  Kinetics  . .  51 

4.2  Static  Oxidation  Behavior  .....  .  54 

4.2.1  Thin  Film  Studios .  54 

4.2.2  Macroscopic  Oxide  Morphology  .  62 

4.2.3  Rone  Y  Oxidation .  67 

4.2.4  SM-200  Oxidation  .  78 

4.2.5  IN-100  Oxidation  .  87 

4.2.6  Inco  713C  Oxidation  . . 97 

4.2.7  U-700  And  Rene  41  Oxidation  .......  104 

4.2.8  Internal  Oxidation  Kinetics  For  Rene  Y  And 

Rene  41  114 

4.2.9  Cyclic  Oxidation  . . 119 

4.2.10  Comparison  of  General  Oxidation  Behavior  121 

4.3  Flume  Tunnel  Oxidution 

4.3.1  General  Appearance . 121 

4.3.2  Weight  Changes  .......  .  130 

4.3.3  Oxidation  Reactions  .  136 

4.4  Oxidation  of  Reno  Y  .  144 

4.4.1  Rene  Y  Versus  Hastelloy  X  .......  144 

4.4.2  Role  of  Lanthanum  in  Rene  Y  ......  146 

4.5  Effects  of  Surface  Preparation . .  .  148 

4.5.1  Stutic  And  Continuous  Weight  Guin  Oxidation  148 

4.5.2  Flume  Tunnel  Oxidation  .  160 

V.  DISCUSSION .  172 

VI.  APPENDIX .  179 

REFERENCES .  190 


v 


LIST  OF  ILLUSTRATIONS 


ILLUSTRATION  NO.  PAGE  NO. 

1  Representative  As-Cast  Microstructures  of  SM-200 

and  IN- 100 .  13 

2  Representative  Microstructures  of  Inco  713C  and 

Rene  Y . 14 

3  Representative  As-Received  Microstructures  of  U-700 

and  Reno  41  . .  15 

4  One  of  the  Two  Continuous  Weight-Gain  Oxidation  Test 

Stations  Used  in  this  Investigation .  18 

5  Dynamic  Oxidation  Flame  Tunnel  Facilities  .  22 

6  Flame  Tunnel  Rotating  Specimen  Holder  Illustrating  the 

Positioning  of  Specimens  . 24 

7  Identification  of  Measurements  Used  to  Characterize 

Metallographic  Scale  and  Subscalo  Morphology  ....  26 

8  Typical  Logarithmic  Plot  of  Woight  Gain  Versus  Time 

for  Rene  Y  Hoat  1 . . .  33 

9  Typical  Logarithmic  Plot  of  Woight  Gain  Versus  Time 

for  Rone  Y  Hoat  2 .  34 

10  Arrhenius  Plot  of  the  Rate  Constants  for  Reno  Y  .  .  36 

11  Typical  Logarithmic  Plot  of  Woight  Gain  Versus  Time 

for  IN- 100  Heat  1 . 38 

12  Typical  Logarithmic  Plot  of  Weight  Gain  Versus  Time  for 

IN- 100  Hour  2  39 

13  Arrhenius  Plot  of  the  Rato  Constants  lor  IN- 100  ,  .  41 

14  Typical  Logarithmic  Plot  of  Weight  Gain  Versus  Time 

for  SM-200  Hoat  1 .  43 

15  Typical  Logarithmic  Plot  of  Woight  Gain  Versus  Time 

for  SM-200  Heat  2 .  44 

16  Arrhonius  Plot  of  the  Rato  Constants  for  SM-200  .  .  46 


vi 


LIST  OF  ILLUSTRATIONS 
(Continued) 


17  Typical  Logarithmic  Plot  of  Weight  Gain  Versus  Time 

for  Inco  713C  Heat  1 .  47 

18  Typical  Logarithmic  Plot  of  Weight  Gain  Versus  Time 

for  Inco  713C  Heat  2 .  48 

19  Arrhenius  Plot  of  the  Rate  Constants  for  Inco  713C  .  50 

20  Comparison  of  the  Oxidation  Behavior  of  Rene  Y, 

IN-100,  SM-200,  and  Inco  713C  at  1600  and  2000°P  52 

21  A  Comparison  of  the  Initial  Parabolic  Rate  Constants 

of  the  Alloys  . . .  53 

22  Initial  Oxide  Qrowth  Morphology  in  Rene  Y  During 

Exposure  at  1600°F  .  55 

23  Initial  Oxide  Growth  Morphology  in  SM-200  During 

Exposure  at  1600°F  .  . .  56 

24  Initial  Oxide  Growth  Morphology  in  IN- 100  During 

Exposure  at  1600aF  . . .  57 

25  Initial  Oxide  Growth  Morphology  in  Inco  713C  During 

Exposure  at  1600°F  58 

26  Electron  Microscopy  Depicting  the  Topography 
Thick  Oxides  Produced  on  Reno  Y  After  Long-Time 

Exposure  to  Air  .  63 

27  The  Genorul  Surface  Appearance  of  IN-100  (Heat  #1) 

Continuous  Weight-Gain  Specimens  Oxidized  100  Hours 

at  1400,  1600,  1800,  2000,  and  2100°F .  64 

28  General  Surface  Appearance  of  SM-200  and  Inco  713C 
Aftor  100  Hours  Exposure  in  Static  Air  at  1600  and 

1800°F  65 

29  The  General  Surface  Appearance  and  Heat  Variations 
Observod  for  Reno  Y  Oxidized  in  Static  Air  for 

Various  Times  at  1800°F  66 


vi  i 


******  *'  T 


LIST  OF  ILLUSTRATIONS 


(Continued) 

30  Typical  Scale  and  Subscale  Morphology  for  Reno  Y 
Oxidized  1000  Hours  at  1600°F  Denoting  Scaling 

Differences  Between  Heats  .  ...  68 

31  Typical  Scale  and  Subscule  Morphology  for  Rene  Y 

Oxidized  in  a  Static  Atmosphere  .  69 

32  Microprobe  Traverse  Results  for  Rene  Y  (Hoat  No.  1) 

Static  Oxidation  Tost  Specimens  .  74 

33  Simplified  Summary  of  the  Main  Stages  of  Oxidation 

for  Rene  Y  .  76 

34  Latter  Stages  of  Growth  of  Protrusions  Formed  on 

Rone  Y  During  Oxidation  . .  77 

35  Typical  Scale  and  Subscale  Morphology  Produced  in 
SM-200  Oxidized  for  Various  Times  and  Temperatures  in 

Static  Air  . 79 

36  Microprobo  Traverse  Results  for  SM-200  (Heat  No.  1) 

Static  Oxidation  Test  Spocimons  .  86 

37  Simplified  Summary  of  the  Main  Stagos  of  Oxidation 

for  SM-200  88 

38  Typical  Scule  and  Subscale  Morphology  for  IN- 100 

Oxidized  in  Static  Air  .  ...  89 

39  Microprobo  Traverse  Results  for  IN-100  (Heat  No.  1) 

Static  Oxidation  Test  Specimens  .  92 

40  Simplified  Summary  of  the  Main  Stagos  of  Oxidation 

for  IN- 100  98 

41  Typical  Scale  and  Subscale  Morphology  lor  Inco  713C 

Oxidized  for  100  Hours  in  Static  Air  .  99 

42  Microprobo  Traverse  Results  for  Inco  713C  (Hoat  No.  )) 

Static  Oxidation  Test  Specimens  .  105 

43  Simplified  Summary  of  tho  Main  Stagos  of  Oxidation  for 

Inco  713C . 106 


viii 


j 

i  45 

5 


•  *  4*  ■  ■■  ■ 


LIST  OF  ILLUSTRATIONS 
(Continued) 


Typical  Scale  and  Subscale  Morphology  Produced  in 
U-700  Oxidized  for  100  Hours  in  Static  Air  .... 

Microprcba  Traversa  Results  for  U-700  Static  Oxidation 
Test  Specimens  . 

Typical  Scale  and  Subscale  Morphology  for  Rene  41 
Oxidized  for  Various  Times  and  Temperatures  in 
Static  Air  . 

Microprobe  Traverse  Results  i'or  Rene  41  Static 
Oxidation  Test  Specimens  ....  . 

Parabolic  Internal  Oxidation  of  Rene  Y  . 

Parabolic  Internal  Oxidation  of  Rene  41  . 

Arrhenius  Plot  of  the  Rate  Constants  for  the 
Internal  Oxidation  of  Rene  Y  and  Rene  41  .... 

Comparison  of  the  Average  Weight-Gains  During  Static 
Air  Oxidation  at  1600*F  . 

Comparison  of  the  Average  Weight-Gains  During  Static 
Air  Oxidation  at  1800*F . . 

Comparison  of  the  Average  Weight-Gains  During  Static 
Air  Oxidation  at  2000*F  . 

Comparison  of  the  Internal  Effects  Produced  During 
Static  Air  Oxidation  at  1600*F  .  .  . 

Comparison  of  the  Internal  Effects  Produced  During 
Static  Air  Oxidation  at  1B00*F  . 

Comparison  of  the  Internal  Effects  Produced  During 
Static  Air  Oxidation  at  2000*F  . 


108 

110 

111 

113 

115 

116 

117 

122 

123 

124 

125 

126 

127 


ix 


LIST  OF  ILLUSTRATIONS 
(Continued) 


57  The  General  Appearance  of  the  Alloys  After  300  and 
1000  Hours  Exposure  to  High  Velocity  Combustion 

Products  of  Natural  Gas  at  1600°F  . .  128 

58  The  General  Appearance  of  the  Alloys  After  100  and 
1000  Hours  Exposure  to  High  Velocity  Combustion 

Products  of  Natural  Gas  at  2000°F  .  129 

59  Weight  Change  During  Oxidation  in  High  Velocity 

Natural  Combustion  Gas  Products  at  1600°F .  131 

60  Weight  Change  During  Oxidation  in  High  Velocity 

Natural  Combustion  Gas  Products  at  2000#F .  132 

61  Typical  Oxide  Morphology  Produced  in  Inco  713C  and 

Rene  Y  after  Exposure  to  High  Velocity  Natural  Gas 
Combustion  Products  at  1600°F.  ....  .  137 

62  Typical  Oxide  Morphology  Produced  in  IN-100  and  SM-200 

After  Exposure  to  High  Velocity  Natural  Gas  Combustion 
Products  at  . .  138 

63  Typical  Oxide  Morphology  Produced  in  U-700  and  Rene  41 

After  Exposure  to  High  Velocity  Natural  Gbs  Combustion 
Products  at  1600°F .  139 

64  Summary  of  the  Depth  of  Affected  Zone  after  1000  Hours 

Exposure  in  the  Flame  Tunnel .  142 

65  Results  of  Microprobe  Analysis  for  Rene  Y  and  riastelloy  X 

After  100  Hours  Exposure  at  2000°F.  . .  145 

66  Microprobe  Analysis  of  Rene  Y  for  La  Detection.  .  .  .  147 

67  Effect  of  Surface  Preparation  on  Oxidation  of  IN-100 

After  400  H.rs/1800*F  Exposure  in  Air .  151 

68  Effect  of  Surface  Preparation  on  Oxidation  of  IN-100  After 

400  Hrs/2000*F  Exposure  in  Air. . .  .  152 

69  The  Continuous  Weight-Gain  Behavior  of  IN-100  and  Inco  713C 

as  a  Function  of  Surface  Preparation .  155 

70  Removal  of  Surface  Preparation  Effect  by  Heat  Treatment 

Exposed  400  Hrs/  1800*F  in  Air .  157 


x 


r-rrr 


#• 

■w 


frr.i* 

p‘ 


LIST  OF  ILLUSTRATIONS 
(Continued) 


S 

t 


i 

i 

M 


71  Influence  of  Alloy  Form  on  Surface  Preparation  Effect 

72  Effect  of  Surface  Finish  on  the  General  Appearance  During 

100~Hour  Exposure  in  the  Flame  Tunnel  at  1800°F  .... 


189 

161 


73  The  Effect  of  Surface  Preparation  on  the  Weight-Gain  Behavior 

of  Cast  Alloys  During  Flame  Tunnel  Exposure  at  1800°F  ....  162 


If 


74  The  Effect  of  Surface  Preparation  on  the  Weight-Gain  Behavior 

of  Wrought  Alloys  During  Flame  Tunnel  Exposure  at  1800°F  .  .  163 

78  Typical  Scale  and  Internal  Reaction  as  a  Function  of  Surface 
Preparation  for  Rene  Y  After  200  Hr.  Exposure  in  the  Flame 
Tunnel  at  1800°F  164 

76  Typical  Scale  and  Internal  Reaction  As  A  Function  of  Surface 
Preparation  for  U-700  After  200  Hr.  Exposure  in  the  Flame 

Tunnel  at  1800 °F  . .  165 

77  Typical  Scale  and  Internal  Reaction  Aa  A  Function  of  Surface 
Preparation  For  Rene  41  After  200  Hr.  Exposure  in  the  Flame 

Tunnel  at  1800°F  106 

78  Typical  Scale  and  Internal  Reaction  As  A  Function  of  Surface 
Preparation  for  IN- 100  After  200  Hr.  Exposure  in  the  Flame 

Tunnel  at  1800°F  .  . .  167 


V 


LIST  OF  TABLES 


TABLE  NO.  PAGE  NO. 

I  Factors  Influencing  Alloy  Selection  .  7 

II  Materials  Procurement  .  9 

III  Material  Analysis  .  10 

IV  Mechanical  Properties  of  Starting  Materials ,  .  12 

V  Summary  of  the  Oxidation  Rate  Constants  for  Rene  Y  ...  35 

VI  Summary  of  the  Oxidation  Rate  Constants  for  IN-100  ...  40 

VII  Summary  of  the  Oxidation  Rate  Constants  for  SM-200  ...  45 

VIII  Summary  of  the  Oxidation  Rate  Constants  for  Inco  713C  .  .  49 

IX  Summary  of  Thin  Film  Oxide  Identification .  39 

X  Typical  X-Ray  Diffraction  Pattern  of  ProduotB  Electro- 

lytically  Stripped  from  IN- 100  After  2  Hours/1600°F  ...  61 

XI  Static  Oxidation  Metallographic  Results  for  Rene  Y  ...  70 

XII  X-Ray  Identification  of  Reaction  Products  for  Rene  Y 

Exposed  in  Static  Air  ........  .  71 

XIII  Typical  X-Ray  Pattern  of  Spalled  Oxide  from  Rone  Y  After 

1000  Hours /2000°F  in  Static  Air .  72 

XIV  Typical  X-Ray  Diffraction  from  Surface  Oxides  Formed  on 

Rene  Y  After  100  Hours/2 100°F  In  Static  Air .  73 

XV  Static  Oxidation  Metallographic  Results  for  SM-200  ...  81 

XVI  X-Ray  Identification  of  Reaction  Products  for  SM-200  Exposed 

in  Static  Air .  82 

XVII  Typical  X-Ray  Pattern  of  Products  Electrolytically  Stripped 

From  SM-200  After  1000/1800°F  in  Static  Air  .  83 

XVIII  Typical  X-Ray  Pattern  of  Spalled  Oxide  from  SM-200  After 

100  Hours/2000°F  in  Static  Air  . .  84 

XIX  Typical  X-Ray  Pattern  of  Pioducts  Electrolytically 

Stripped  from  SM-200  after  100  Hours/2000°F  in  Static  Air  85 

xii 


LIST  OF  TABLES 


(Continued) 

XX  Static  Oxidation  Metallographic  Results  for  IN-100  ...  90 

XXI  X-Ray  Identification  of  Reaction  Products  for  IN-100 

Exposed  in  Static  Air  .......  .  93 

XXII  X-Ray  Identification  of  NiTiOij  . .  94 

XXIII  Typical  X-Ray  Pattern  of  Spalled  Oxides  from  IN-100  After 

1000  Hours/2000°F  Exposed  in  Static  Air .  93 

XXIV  Typical  X-Ray  Pattern  of  Oxide  Scraped  from  IN- 100  After 

1000  Hours/ROOO^F  Exposed  in  Static  Air .  96 

XXV  Static  Oxidation  Metallographic  Results  for  Inoo  713C  .  .  100 

XXVI  X-Ray  Identification  of  Reaction  Products  for  Inco  713C  .  101 

XXVII  Typical  X-Ray  Pattern  of  Products  Spalled  from  Inco  713C 

After  100  Hours/2000°F  Exposed  in  Static  Air  .  102 

XXVIII  Typical  X-Ray  Pattern  of  Products  Electrolytically  Stripped 

From  Inco  713C  After  100  Hours/2000°F  Exposed  in  Static  Air  103 

XXIX  Static  Oxidation  Metallographic  Results  for  U-700  ....  109 

XXX  Static  Oxidation  Metallographic  Results  for  Rene  41  .  .  .  112 

XXXI  Cyclic  Oxidation  Weight  Change  After  400  Hours  Exposure  .  120 

XXXII  X-Ray  Identification  of  Reaction  Products  Formed  on  Various 

Alloys  During  Flame  Tunnel  Exposure  .  133 

XXXIII  Volatilization  During  Flame  Tunnel  Testing  .  135 

XXXIV  Measurements  of  Internal  Reaction  for  Flame  Tunnel 

Specimens  Tested  at  1600°F . . .  140 

XXXV  Measurements  of  Internal  Reaction  for  Flame  Tunnel 

Specimens  Tested  at  2000°F . .  .  141 

XXXVI  Comparison  of  Oxidation  Reaction  Products  After  1000-Hour 

Exposure  in  Static  and  Dynamic  Environments  .  143 


xiii 


LIST  OF  TABLES 


(Continued) 

XXXVII  Effect  of  Surface  Preparation  On  Oxidation  .  150 

XXXVIII  Oxides  Formed  as  a  Function  of  Surface  Preparation  .  153 

XXXIX  Influence  of  Heat  Treatment  on  Surface  Preparation 

Effect .  156 

XL  Influence  of  Alloy  Form  on  Surface  Preparation  Effect.  ,  .  .  158 

XLI  X-Ray  Identification  of  Reaction  Products  Formed  as  a  Function 

of  Surface  Preparation  After  200  HrB.  Exposure  in  the  Flame 
Tunnel  at  1800*F . . .  170 

XLII  Thermodynamic  Properties  of  the  Oxides  and  Nitrides  at 


174 


LIST  OF  TABLES  IN  APPENDIX 


TABLE  NO.  PAGE  NO. 

IA  Continuous  Weight-Gain  Oxidation  Test  Data  for 

Rene  Y  .  180 

I1A  Continuous  Weight-Quin  Oxidation  Test  Data  for 

IN-100  181 

IIIA  Continuous  Weight-Gain  Oxidation  Test  Data  for 

SM-200  ......  182 

IVA  Continuous  Weight-Gain  Oxidation  Tost  Data  lor 

Inco  713C . • .  183 

VA  Matrix  Composition  of  tho  Alloys  ......  184 

VIA  Static  Oxidation  Weight-Gain  Data  .  185 

VIIA  Flamo  Tunnol  Oxidation  Weight-Change  Dnta  .  .  186 

VIIIA  Flamo  Tunnel  Oxidation  Weight-Change  Data  During 

1000  Hrs/1600'’F  Exposure  .  187 

IXA  Flamo  Tunnol  Oxidation  Weight-Change  Data  During 

1000  Hrs/2000°F  Exposuro  .  188 

XA  Continuous  Weight-Qain  Oxidation  To3t  Data  at 

1800°F  in  Grit  Blasted  Condition  ......  189 


xv 


I  INTRODUCTION 


The  oxidation  behavior  of  a  metal  or  alloy  la  dependent  not  only  on  the 
composition  of  the  reactants,  but  can  also  be  affected  by  the  internal  and 
surface  structure,  the  state  of  stress,  and  even  the  geometry.  The 
oxidation  process  is, in  addition,  sensitive  to  the  velocity,  density, 
composition,  and  flow  pattern  of  the  oxidizing  environment.  Oxidation  of 
even  the  simplest  system  is  therefore  a  complex  process  which  has  to  be 
understood  before  solutions  to  practical  environmental  problems  can  be 
successful.  In  this  respectj  materials  used  in  the  combustion,  turbine, 
and  tailpipe  sections  of  aircraft  gas  turbine  engines  aro  exposed  to 
severe  environments  in  which  most  such  components  must  withstand  the  combined 
effects  of  stress,  high  temperature,  high  velocity  combustion  products,  and 
orosion  from  foreign  particles.  Gas  turbines  may  uIbo  ingest  sea  water  which 
can  cause  hot  corrosion  (sulfidation)  of  nickel  and  cobalt-base  alloy  com¬ 
ponents  at  temperatures  above  1400°F. 


The  work  described  here  attacks  one  aspect  of  the  high-temperature  corrosion 
problem:  the  oxidation  behavior  of  nickel-base  alloys  of  the  typo  commonly 
used  in  aircraft  gas  turbine  ongines.  Consideration  is  also  given  to  the 
effects  of  air  velocity  and  surface  preparation  on  the  oxidation  behavior. 

The  erosion  and  hot  corrosion  problems,  although  interrelated  with  oxidation, 
are  subjects  requiring  separate  investigation. 


In  the  past,  nickel-base  alloy  development  efforts  have  been  directed  toward 
improving  high-temperature  strength  and  primary  or  secondary  working  chara¬ 
cteristics  with  relatively  minor  concern  for  oxidation  behavior.  Previous 
studies  at  this  laboratory  1-3 ^  and  elsewhere^ 4“9 ^  have  provided  a  good  basis 
for  understanding  some  of  the  oxidation  behavior  of  commercial  nickel-base 
alloys.  The  present  progrura  was  planned  to  investigate  additional  facets  of 
the  hlgh-temporaturo  oxidation  problem  with  the  greatest  emphasis  placed  on 
gaining  a  deeper  understanding  of  the  oxidation  mechanisms  govorning  the 
behavior  of  the  complex  nickel-base  alloys  used  in  gas  turbines.  It  was 
felt  that  a  detailed  understanding  of  the  oxidation  behavior  of  the  best 
commercial  superalloys  could  be  obtained  from  such  a  study  by  correlating 
the  scaling  and  subscaling  processes  with  the  composition,  oxidation  kinetics, 
and  morphology  of  the  resultant  oxides.  The  resultant  knowledge  will  permit 
better  use  of  theBo  alloys  and  provide  a  Useful  guide  for  the  design  of  improved 
alloys  in  the  future. 


With  the  exception  of  the  studies  by  Ptboco  and  Lucas^7^,  relatively  few  data 
exist  in  open  literature  regarding  the  behavior  of  superalloy ) n  high  velocity 
combustion  products.  Most  alloys  exhibit  different  behavior  in  high  velocity 
versus  relatively  static  environments.  Although  these  differences  in  behavior 
have  been  qualitatively  observed  and  considered  in  the  selection  of  alloys  for 
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Jet-engine  application,  the  mechanisms  through  which  such  differences  ocour 
has  not  been  rigorously  studied  to  date  in  the  gamma  prime  strengthened 
alloys.  Such  studies  formed  an  important  part  of  the  present  work. 


It  has  long  been  realized  that  surface  preparation  can  influence  oxidation 
behavior.  However,  this  effect  has  been  considered  to  be  primarily  of 
academic  interest  with  no  practical  implications.  Contrary  to  this  viow, 
studies^3* B“10 )  have  indicated  significant  influence  of  surface  preparation 
on  the  oxidation  of  tri-f^-M-Ti-Mo-type  alloys.  Therefore,  a  third  objective 
of  this  work  was  to  clA,'ri„-  the  surface  preparation  effeot. 


In  summary,  the  prime  objectives  of  this  program  were; 

(1)  Establish  the  oxidation  mechanisms  for  selected  commercial  Ni-baae 
alloys  so  that  the  resultant  understanding  can  be  used  to  design 
improved  compositions  and  assure  the  intelligent  application  of 
these  and  similar  alloys. 

(2)  Establish  the  effects  of  high  velocity  natural  gas  combustion 
products  and  aurfaco  preparation  on  tho  oxidation  behavior  of  the 
subject  alloys. 
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II  CONCLUSIONS  &  RECOMMENDATIONS 


During  this  study,  five  of  the  moat  promising  commercial  nickel-base  alloys 
(IN-100,  SM-200,  Inco  713C,  Rene  41,  and  Udimet  700)  and  one  development 
alloy  (Rene  Y)  were  extensively  evaluated  to  determine  the  characteristics 
of  their  oxidation  behavior.  The  intent  of  the  study  was  to  apply  the 
resultant  understanding  ultimately  to  the  application  of  theao  alloys  and 
to  the  design  of  alloys  with  superior  surface  stability. 


The  surface  and  subscalo  reactions  for  these  alloys  were  studied  in  both 
static  and  dynamic  atmospheres  over  the  temperature  range  1400  to  2100°F 
for  times  of  five  minutbs  to  1000  hours.  The  extbrt  of  the  subaoale 
reaction  processes;  internal  oxidation  and  nitrification,  y'  depletion, 
degenerate  y'  formation,  and  metal  loss,  were  measured,  the  Beale  and 
subaoale  reaction  products  identified,  and  their  kinetics  of  formation 
studied.  The  results  of  tho  study  were  derived  primarily  from  the  cor¬ 
relation  of  micrnstructural  features  with  reaction  products,  since  the 
oxidation  meohanlsm  proved  too  complex  for  a  true  kinetic  evaluation, 


Supplementary  oxidation  studies  to  determine  the  effects  of  cyclic  conditions 
and  various  surface  finishes  were  also  conducted. 


2,1  Conclusions 


Tho  following  major  conclusions  aro  cited  on  the  basis  of  tho  results  of 

this  investigation: 

(1)  The  oxidation  procossos  in  commercial  nickel-base  alloys,  particularly 
those  in  cast  form,  are  too  complex  for  a  kinetic  analysis  to  dotermino 
meaningful  activation  energies,  This  complexity  is  a  result  of 
heterogeneous  oxide  growth,  oxide  interactions,  oxide  vuporiscation, 

and  spalling. 

(2)  The  weight-gain  ratos  are  not  indicative  of  the  extent  or  typo  of 
internal  oxidation.  However,  tho  converse  is  true  in  that  the  nr.turo 
of  the  internal  oxidation  process  can  alter  the  scaling  behavior  and 
the  resultant  weight-gain  kinetics. 

(3)  All  commercial  alloys  except  Reno  Y  would  be  limited  to  service 
temperatures  below  1800°F  duo  to  excessive  spalling,  intergranular 
oxidation  and  oxide  volatilisation  at  the  higher  temperatures,  In 
comparison,  Rone  Y  shows  potential  for  application  at  temperatures 
in  excess  of  2000°F. 
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(4)  The  genoral  oxidation  behavior  for  these  alloys  is  controlled  by 
the  competition  between  scaling  and  internal  oxidation  reactions. 

If  there  is  selective  oxidation  of  the  leaBt  noble  constituents 
into  the  surface  scale,  a  relatively  Btable  layer  will  result  to 
prevent  or  minimize  internal  oxidation.  If,  the  least  noblo  con¬ 
stituent  docs  not  form  first,  internal  oxidation  of  those  elements 
will  occur  by  roduction  of  the  more  noble  surface  scale  at  the  oxide/ 
metal  interface. 

(5)  The  interplay  between  the  scaling  and  Bubscaling  processes  is  controlled 
by  thermodynamics  and  to  some  extent  can  be  predicted.  For  the  alloys 
studied,  the  oxidation  behavior  was  primarily  a  function  of  the  Cr,  Al, 
and  T'i  concentrations.  Based  on  their  affinities  for  oxygen  and  the 
activities  of  the  constituents  in  tho  alloy,  higher  Al/Cr  ratios  are 
believed  to  promote  surface  stability. 

The  mode  of  oxidation  can  vary  significantly  aB  a  function  of 
temperature  whiah  controls  the  rate  of  y*  dissolution  and  the 
Al  activity.  However,  length  of  exposure  at  any  specific  temper¬ 
ature  has  no  apparent  effect  on  tho  oxidation  mode. 

(7)  Duo  to  the  relatively  low  activities  of  tho  least  noblo  constituents 
in  Rono  Y  (Si)  and  Reno  41  (Al) ,  those  were  tho  only  alloys  which 
suffered  internal  oxidation  over  tho  ontiro  rnrgo  of  time  and 
tompornturo  studied.  This  intornal  oxide  growth  was  eontrollod  by 

0a  diffusion  for  Ronn  Y  and  Al+++  diffusion  for  Rono  41.  Tho  growth  of  tho 
intornal  oxide  front  in  these  alloys  displayed  parubollc  kinetics  as 
expressed  by: 

3  (Rono  41)  =  [8.91  x  10u  exp  )  3t  +  0.30 

a  (Rono  Y)  =  [8.32  exp  -  ]t  +  0.20 

V  Jvl  s 

(8)  Oxidation  in  high  velocity  combustion  products  was  moro  sovoro  than  in 
static  air.  This  1b  attributed  to  oxidation  of  CraClj  prosont  in  tho 
aoalo  to  tho  volntllo  CrG,  ,  yielding  a  Iras  protective  oxide  (NiO),  a 
higher  oxidation  rate,  and  a  resultant  incroaso  in  metal  consumption. 
However,  tho  resistance  to  dynamic  oxidation  environments  was  not 
solely  dopondont  upon  tho  Cr  content  of  tho  alloy  but  ruinor  tho  Ai/Cr 
activity  ratio. 

(9)  Additions  of  minor  amounts  of  La  and  Mn  to  Hnstelloy  X  (Reno  Y)  markedly 
improves  tho  oxide  scale  adhoronce  and  resistance  to  dynamic  environmonts. 
The  La  addition  increases  the  activity  of  Mn  and  Cr  to  form  a  stable 
MnCr804  spinel  which  minimizes  scale  volatilization.  By  concentrating 

in  the  grain  boundary  cusps  adjacent  to  tho  oxido/motal  interface,  La 
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appears  to  promote  scale  adherency  interface,  through  a  mechanical 
keying  effect  which  minimizes  the  scale/ir.etal  interfacial  shear  stress. 

(10)  The  effeots  of  surface  preparation  wore  shown  to  be  complex  and  not 

always  predictable.  In  general,  however,  surface  preparation  inducod 
cold  work  tends  to  alter  scnlo/subsea'lc  processes,  theroby  producing 
greater  internal  oxidation. 


2,2  Recommendations 


To  improve  the  surface  stability  of  nickel-base  alloys  and  obtain  a  better 
understanding  of  the  reactions  involved,  the  following  recommendations  can 
be  made,  based  on  the  findings  of  this  investigation: 

(1)  Emphasize  the  development  of  nickel-base  alloys  with  a  higher  Al/Cr 
ratio,  consistent  however,  with  hot  corrosion  and  ductility  requirements. 

(2)  Develop  an  understanding  of  tho  o, ’foots  of  minor  addition  elements* 
on  the  environmental  resistance  of  high-strength,  nickol-baso 
alloys. 

(3)  Continue  efforts  to  establish  tho  influence  of  surface  deformation 
on  tho  oxidation  of  nickel-huso  alloys  and  dotc-rmino  tho  practical 
significance  of  thoso  offocts. 

(4)  Make  more  use  of  the  cyclic  and  hot  corrosion  tosts  to  more  fully 
simulate  the  surfaco  stability  in  a  gas  turbine  environment. 


#ReferB  to  Group  I1B  motals,  tho  rare  earth  metals,  thorium  and  manganese. 
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SECTION  III 


EXPERIMENTAL 


A  literature  rovlew  o£  the  oxidation  behavior  of  metals  or  alloys  generally 
expose  numerous  conflicting  results.  In  such  a  complex  phenomenon  as  oxi¬ 
dation,  many  of  these  conflicts  can  be  attributed  to  differences  in 
experimental  procedure.  In  those  instances  where  experimental  techniques 
are  thoroughly  reported,  the  cause  of  the  discrepancy  is  usually  apparent, 
and  infact,  results  in  a  better  understanding.  However,  where  experimental 
techniques  are  not  reported  or  are  obscure,  the  discrepancies  may  never  be 
resolved.  It  is  therefore  considered  essential  that  all  experimental  pro¬ 
cedures  and  techniques  used  in  this  investigation  be  fully  described.  This 
is  intended  not  only  to  permit  confirmation  of  any  portion  of  those  studios, 
but  also  to  expose  other  factors  which  may  influence  the  oxidation  of  these 
alloys. 


3.1  Materials 


3.1.1  Alloy  Selection 

Nickel-base  alloys  were  selected  for  this  study  which  ure  not  only  loading 
candidates  for  Jet-engine  combustion  and  turbine  section  applications  based 
upon  their  strength  and  oxidation  resistance,  but  which  also  oiler  variability 
in  their  manner  of  fabrication,  strengthening  mechanism,  and  chemical 
composition. 


The  commercial  alloys  solectod  for  this  program  along  with  a  summary  of 
factors  influential  in  their  selection  are  presented  in  Table  I.  Tho  selection 
has  boon  made  to  include  a  forging  ulloy,  casting  alloys,  u  high-strength 
sheet  alloy,  and  a  lowor  strength  shoot  alloy  possessing  high  oxidation 
resistance.  Tho  following  presents  u  brief  description  of  each  alloy,  its 
common  usage,  and  the  principal  factors  in  its  selection. 


Udlmot  700  (U-700)  represents  the  highest  strength  nickel-baso  forging 
alloy  currently  available  and  is  generally  used  for  wrought  turbine  blades 
and  other  canponents  requiring  superior  olevated  temperature  strength.  This 
alloy  is  of  the  age-hardened  type.  The  predominant  strengthening  phase  is 
gamma  prime  [Ni3 (Al,Ti)],  but  strengthening  contributions  from  solution 
strengthening  and  carbide  phases  are  also  important.  Constitutionally,  the 
alloy  contains  a  moderate  Cr  content,  a  relatively  low  Al/Ti  ratio,  modorato 
molybdenum,  and  the  highest  cobalt  content  of  the  alloys  selected. 
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IN- 100,  SM-200,  and  Inco  7 13C  represent  high  strength  cast  alloys  for  turbine 
blade  applications.  These  alloys  are  also  basically  gamma  primo  ( y ') 
strengthened  but  differ  with  respect  to  solid  solution  strengthening  elements 
and  carbide  formers.  Inco  713C  has  a  moderate  chromium  content,  whereas 
IN- 100  and  SM-200  have  the  lowest  chromium  contents  of  the  alloys  selected. 
The  major  ternary  constituent  in  each  alloy  also  differs,  being  Co  for 
IN-100,  W  and  Co  for  SM-200,  and  Mo  and  Cb  for  Inco  713C.  Inco  713C  has 
an  Al/Ti  ratio  of  approximately  eight,  which  is  the  highest  of  the  selected 
alloys.  Other  subtle  compositional  features  of  these  alloys  include  small 
Zr  and  B  additions.  The  variety  in  chemistry  offered  by  these  alloys  Bhould 
provide  an  excellent  basis  for  designing  oxidation  resistant  cast  alloys  for 
future  applications. 


Rene  41  represents  the  highest  strength  sheet  alloy  available  for  sheet  metal 
structural  component  applications  in  tne  temperature  range  of  1200-1800°F. 
This  alloy  is  also  y'  and  carbide  (MC  and  M^3Ce)  strengthened  and  is  unique 
with  respect  to  the  combination  of  high  Cr,  Co,  and  Mo  concentrations  and  a 
relatively  low  Al/Ti  ratio. 


Reno  Y  is  a  General  Electric  development  alloy  strengthened  by  solid  solution 
and  carbides  which  possesses  excellent  oxidation  resistance  at  temperatures  to 
2200°F.  This  alloy  is  a  modification  of  Hastelloy  X  and  has  relatively  low 
high-temperature  strength.  It  was  primarily  developed  for  combustion  liners 
and  afterburner  components  which  do  not  require  high  strength.  The  unique 
compositional  features  of  this  alloy  include  the  highest  Cr  and  Fe  contents 
of  the  alloys  tested,  a  moderate  Mo  content,  relatively  high  concentrations 
of  Mn  and  Si,  and  the  addition  of  lanthanum  for  improved  oxidation  resistance 
and  scale  adherence. 


3.1.2  Alloy  Procurement  and  Characterization 

All  alloys  were  procured  from  commercial  sources.  For  those  alloys  to  be 
evaluated  extensively,  two  heats  were  obtained  to  determine  the  heat-to-heat 
variations.  This  factor  is  particularly  important  in  cast  materials  where 
variations  in  melting  and  pouring  practices  can  produce  both  structural  and 
compositional  differences  which  may  subsequently  influence  the  oxidation 
performance.  The  alloys,  their  heat  numbers,  and  the  form  in  which  they 
were  procured  are  given  in  Table  II.  The  master  heat  analysis  as  provided 
by  the  vendor  and  an  independent  analysis  to  check  if  compositional  changes 
occurred  during  the  processing  of  the  materials  are  presented  in  Table  III. 
The  greatest  differences  between  these  two  analyses  is  observed  for  A1  and 
Ti.  All  other  elements  check  well. 
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Additional  characterization  of  the  alloys  is  afforded  by  their  mechanical 
properties  given  in  Table  IV  and  their  microstructures  depicted  in  Figures 
1,  2,  and  3.  Variations  in  the  microstructures  are  seen  to  exist  between 
heats  of  the  same  alloy.  However,  for  these  studies,  the  differences  in 
structure  are  considered  Insignificant  and  reflect  the  Blight  variations 
normally  expected  in  processing  and/or  composition. 


The  cast  alloys  are  characterized  by  a  largo  grain  size  ( 1/32 1/8")  and  the 
presence  of  shrinkage  voids.  The  grain  size  was  found  to  vary  from  alloy  to 
alloy,  heat  to  heat,  and  in  some  cases  between  specimens  cut  from  the  same 
cast  piece,  Although  shrinkage  voids  were  present  in  all  cast  alloys,  they 
were  most  pronounced  in  IN- 100  (Heat  2)  and  both  heatB  of  Inoo  713C. 


The  effects  of  heat  treatment  on  the  oxidation  behavior  of  the  alloy  is  not 
being  emphasized  in  this  program,  Therefore,  unless  otherwise  specified,  all 
alloys  were  evaluated  in  the  normal  heat-treatment  condition  used  in  service, 
(See  Table  IV). 


Specimen  Preparation 


All  specimens  used  in  these1  studies  were  machined  from  the  starting  materials 
into  the  form  of  thin  rectangular  coupons.  The  coupons  were  30  to  60  mils 
thick  with  the  exception  of  those  from  Inco  713C  which  were  approximately 
120  mils  thick.  The  size  of  the  coupons  varied  dependent  upon  the  type  of 
oxidation  test  to  be  performed.  Continuous  weight-gain  specimens  were 
1-1/2  in.  X  1/2  in.  (area  as  10  Bq.  cm.),  those  to  be  used  for  static  oxi¬ 
dation  tests,  thin  film  studies,  and  surface  preparation  effects  wore  3/4  in. 

X  1/2  in.  (area  ~  5  sq.  cm.),  and  the  dynamic  oxidation  specimens  were  2  in. 

X  1/2  in.  (area  —  13  sq,  cm,).  After  machining,  all  specimens  were  reconditioned 
to  remove  tool  marks  and  other  imperfect  ions.  The  specimens  were  wet  abraded 
by  hand  through  600  grit  silicon  carbide  paper.  To  minimize  the  tendency 
toward  oxide  spalling  at  the  sharp  corners  of  the  specimens,  they  were 
rounded  during  hand  grinding.  In  all  instances,  the  dimensions  of  any  one 
specimen  were  held  to  a  tolerance  of  ±  1  mil. 


To  compute  the  surface  area  of  the  specimens,  only  width  and  length  measurements 
as  determined  by  flat  anvil  micrometers  were  used,  The  surface  area  contri¬ 
bution  from  the  sides  of  the  coupons  were  neglected  since  at  most  they 
constituted  13%  of  the  total  surface  area  which  was  further  reduced  by 
rounding  the  corners  of  the  specimens.  Further,  the  fact  that  the  specimens 
were  approximately  tho  same  thickness  permitted  a  comparative  evaluation  of 
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Figure  1.  Representative  As  Cast  Microstructures  Of  SM-200  And  IN-100. 
Etched  Eloctrolytlcally  In  3%  HC1  -  HgOg.  250X 
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FIOURE  2  Representative  Mlc root rue turen  of  INCO  713C  and  Rene  Y.  Etched 
electroly ticnlly  In  3%  HC1  -  H^C^ . 
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oxidation  weight  gain  without  oonaidering  the  area  contribution  from  the 
a idee.  In  computing  the  area  for  weight-gain  moaauremente  of  continuous 
weight-gain  specimens,  the  surface  area  change  produced  by  drilling  the 
specimen  hanger  hole  was  also  neglected.  Surface  area  calculations  demon¬ 
strated  that  the  apparent  surface  area  reduction  produced  by  removing  surface 
metal  during  drilling  is  more  than  compensated  for  by  considering  the  area 
contribution  from  the  hole  circumference. 


3.2.1  Continuous  Weight -Gain  Specimens 

Following  the  hund  polishing  process,  the  continuous  weight-gain  specimens 
Were  electropolished  to  (1)  produce  a  surfaoe  whioh  was  both  uniform  and 
ruproduoiblei  and  (2)  remove  the  stressed  or  flowed  metal  (Beilby  layer) 
which  could  affect  initial  oxidation  kinetics,  Some  difficulty  was 
encountered  in  establishing  an  elactropolishlng  procedure  suitable  for 
all  the  superallayo  to  be  tested  in  this  program.  This  was  apparently  the 
result  of  composition  and  structural  differences  among  the  alloys.  Of  all 
the  electropollshing  variables  tried,  whioh  included  type  of  electrolyto, 
temperature  of  electrolyte,  current  density,  and  time  of  polishing,  an 
electrolyte  of  180  fyO,  800  cc  H3P04  <88%  cone.),  and  3  gm  Or0O3  at  a 
temperature  of  70°F  and  the  parameters  tabulated  below  was  found  tc  yield 
the  best  results. 


Current  Density 

Time 

Alloy 

(amp/om® ) 

<Sec) 

IN- 100 

0.4 

10 

Ineo  713C 

0.3 

8 

8M-200 

0.3 

5 

Bene  Y 

0.8 

10 

Subsequent  to  electropolis.jing 

,  the  specimens  were 

depnssivated  in  a  solution 

of  10%  HCl  in  ethanol,  washed  in  water,  final  rinsed  in  othanol,  and  dried. 


3.2.2  Other  Typo  Specimens 

Specimens  to  bo  used  for  static  oxidation  tests  and  dynamic  oxidation  studios 
were  thoroughly  rinsed  in  ethanol  and  dried  subsequent  to  the  600  grit  polish. 
Specimens  for  thin  film  studies  wore  prepared  as  per  the  continuous  weight-gain 
specimens. 


.ill'.*-'- 


Specimens  to  be  used  to  determine  surface  preparation  effects  were  given 
three  different  finishes  resulting  in  different  degrees  of  roughness.  They 
were  eleotropolished,  dry  grit  blasted,  and  coarse  wet  ground.  The 
roughness  of  the  resulting  surface  was  measured  employing  a  Prof ilometer 
and  the  nominal  surface  roughnesses  obtained  are  Hated  below  along  with 
the  variation  observed: 


Eleotropolished 
♦Wet  Ground 
Grit  Blasted 
Wet  around 


(600  grit  SiCfe) 
(180  grit  AlgOj,) 

(80  grit  Siq,) 


3|JL  ±  1  RMS 
Bn  ±  2  RMS 
55|X  i  10  RMS 
13 On  ±  20  RMS 


♦Preparation  used  for  static  oxidation  tests. 


i 


1 


/ 


The  tolerance  in  the  measured  roughness  not  only  reflects  actual  variations 
within  the  same  alloy,  but  primarily  denotes  variations  in  the  abrasion 
resistance  (or  hardness)  of  the  various  alloys  used. 


3. 3  Test  Apparatus  and  Procedures 

3.3.1  Continuous  Weight-Qain  Teatlng 

Continuous  weight-gain  teating  was  performed  using  two  Mauor  automatic 
recording  balances  positioned  above  platinum-wound  Marshall  furnaces.  Each 
of  the  units,  along  with  the  automatic  recording  equipment  and  associated 
accessories,  la  mounted  in  a  support  frame  as  illustrated  in  Figure  4, 

The  two  units,  which  are  Identical  in  dosign,  ore  capable  of  operating  for 
extended  perlodB  at  2300°F  Temperature  control  was  achieved  through  the  use 
of  saturable  core  reactors  which  were  found  to  yield  a  temperature  variation 
of  ±  3°F  over  a  4-in.  hot  aone  ut  2'100°F.  The  length  of  this  mono  was 
further  extended  at  lower  temperatures.  Temperatures  were  monitored  using 
Pt/Pt- 13%  Rh  thermocouples  sheathed  in  alumina  and  positioned  in  the  reaction 
chamber  adjacent  to  the  tost  specimen. 


The  Mauer  weight  recording  system  consists  of  an  analytical  balance  with  an 
alnico  magnet  suspended  from  one  arm  into  the  magnetic  field  of  a  solenoid. 

The  sample,  whose  rate  of  weight  change  is  to  be  recorded,  is  suspended  from 
the  other  arm  of  the  balance  into  the  furnace.  The  basic  principle  of 
operation  involves  counterbalancing  the  weight  changes  of  the  Bpocimen  by 
altering  the  current  through  the  solenoid  which  applies  a  force  to  the 
magnet.  The  balance  operates,  therefore,  in  the  null  position.  Any  deviation 
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in  th*  balance  beam  from  the  horizonal  is  sensed  by  a  carefully  adjusted 
photo  tube  and  electric  circuit.  Thus  deviations  in  the  weight  of  the  specimen 
are  compensated  for  by  the  automatic  adjustment  of  the  solenoid  current  acting 
on  the  elnico  magnet,  which  restores  the  magnet  to  its  null  position.  The 
actual  record  of  weight  change  is  obtained  by  calibrating  and  recording  the 
solenoid  ourrent  on  an  X-Y  recorder.  The  recording  system  is  so  Instrumented 
that  three  scales  of  sensitivity  and  range  can  be  selected.  Full-scale  ranges 
for  one  chart  traverse  of  10,  50,  and  100  mg  are  available.  The  practical 
accuracy  of  each  of  the  above  ranges  la  1%  of  full  scale  or  an  accuracy 
capability  of  ±  0.1  mg  for  the  most  sensitive  scale.  Since  the  recording 
system  is  self-zeroing  once  full  scule  deflection  is  attained,  a  bank;  of  11 
zero-counters  allows  the  automatic  recording  of  eleven  times  full  scale  weight 
gain  or  weight  loas.  The  ro lative  oxidation  resistance  of  the  alloys  studied 
in  this  program  required  the  use  of  the  most  sensitive  scale  range;  hence,  no 
weight  gain  was  greater  than  113  mg  and  the  accuracy  of  tho  results  wore  ±0.1 
mg. 


The  specimens  to  be  tested  were  suspended  from  the  balance  into  tho  furnace 
by  means  of  a  chain.  Thaf  portion  of  the  chain  between  the  balanoe  and  the 
top  of  the  furnace  was  gold  plated  and  connected  to  a  platinum  chain  for 
aotual  suspension  into  the  furnace.  The  reaction  chamber  consisted  of  a 
two- inch  diameter  mullite  tube  capped  on  top  with  a  water-cooled  copper 
plate  which  had  two  holes  drilled  to  allow  passage  of  the  suspension  system 
and  the  monitoring  thermocouple.  Thi-i  water-cooled  plate,  as  well  ae  the 
suspension  chain,  served  as  a  condenser  for  the  recovery  of  volatile  reaction 
products.  Thus,  it  was  pousible  to  estimate  the  extent  of  volatilization  by 
the  dlsooloration  produced  on  the  chain  and  condenser  plate.  Tho  bottom  of 
tho  mullite  tube  was  ground  to  a  male  55/50  taper  and  sealed  by  a  female  pyrex 
ground  glass  Joint  equipped  with  a  viewing  port  and  a  side  arm  for  introducing 
the  oxidizing  atmosphere.  This  arrangement  allowed  tho  observation  of  the 
specimen  during  oxidation  and  any  subsequent  spalling  which  may  have  occurred 
during  the  test  or  while  cooling.  It  ulso  provided  a  means  of  oolloctlng 
spalled  or  exfoliated  reaction  products. 


Tho  specimens  were  oxidized  in  slow  flowing  air  closely  controlled  to  a 
flow  rate  of  1000  ml/mln.  Prior  to  the  introduction  into  the  reaction 
chamber  the  gross  impurities  in  the  air  were  removed  by  passing  ovor  angel 
hair.  The  air  was  then  dried  to  n  dew  point  of  -70°F  by  passage  through 
drying  columns  arranged  in  parallel  to  insure  dry  air  for  tho  duration  of  tho 
test.  The  buoyancy  effect  produced  by  tho  flowin':  air  coupled  with  t  ... 
sensitivity  of  tho  balance  necessitated  close  con  rol  of  tho  flow  rate  to 
insure  reproducibility  between  tests. 


During  a  test,  the  following  calibration  and  loading  procedure  was  rigorously 
employed.  With  the  furnace  at  the  desired  temperature  and  the  air  filing, 
the  specimen  was  hung  from  the  chain  above  the  reaction  chamber.  The  balance 
and  recorder  were  zeroed,  employing  the  most  sensitive  scale  <10  mg  full 
scale),  and  a  5  mg  weight  was  added  to  the  pan  from  which  the  specimen  hung. 
This  produced  a  mechanical  unbalance  whioh  placed  the  recording  pointor  at 
mid-rcfile  and  enabled  the  detection  of  specimen  weight  losses  as  well  as 
weight  gain*  during  the  initial  stages  of  oxidation,  The  recorder  was 
turned  off r  the  balance  placed  on  arrest,  and  th*  specimen  lowered  into  the 
center  of  the  reaction  chamber  hot  acne.  Care  was  taken  to  prevent  the 
Specimen  from  striking  the  chamber  walls  or  the  thermocouple,  whioh  was 
already  in  place.  Any  sway  present  in  the  chain  was  stopped  and  a  plastic 
' shroud  planed  around  the  exposed  portion  of  the  suspension  chain  between  tho 
:  th**  top  of  the  fceaotion  chamber  and  the  bottom  of  the  balance  to  minimize 
the  anomolous  effects  produced  by  ail’  currents.  The  balance  was  then  taken 
off  arrest  and  th«  raowder,  turned  oft.  Although  the  specimen  had  been  in  tho 
fuvtj,aofJ  two  tv  throe. minutes  while  all  the  final  adjustments  were  being  made, 
the  position  of  tho  recorder  pointer,  when  it  was  first  turned  on,  was  con¬ 
sidered  the  "zero".  This  "jfctdro"  .point  proved  to  be  a  critical  measurement 
since,  ns  will  be  shown  in  the  results,  the  initial  rate  of  oxidation  wus 
relatively  high,  particularly  at  temperatures  above  1800°F.  The  two  to 
threc-roinuto  delay  in  recording  the  oxidation  rate  was  alBo  considered 
necessary  to  ensuro  that  the  specimen  whs  at  the  specif ied  temperature. 
Therefore,  although  the  necessary  delay  may  have  produced  a  theorotical 
shift  in  the  position  of  the  resultant  Weight  gain  versus  time  curves,  tho 
actual  time  lost  was  n  very  small  fraction  of  the  total  100-hour  run  and  can 
be  considered  the  sumo  for  all  runs. 


The  two  continuous  weight-gain  test  stations  operated  continuously  during 
this  investigation  without  any  serious  malfunctions.  However,  during  the 
initial  teBts  tho  high  sensitivity  of  the  equipment  and  associated  lino 
power  fluctuations  produced  some  erratic  results,  making  it.  necessary  to 
install  constant  voltage  transformers.  They  have  proved  effective  in  yielding 
specimen  weight-gain  data  which  is  more  amenable  to  evaluation.  Occasionally, 
however,  anomalies  occur  during  tho  chart  recording  of  oxidation  weight  changes. 
Those  fluctuations  are  generally  small  and  Insignificant  unless  the  weight 
change  of  tho  specimen  approaches  the  accuracy  of  the  balance  (±  0.1  mg)  as 
observed  during  some  of  the  low 'temperature  tests  (1400°F).  Tho  variations 
observod  arc  bolievod  to  bo  the  result  of  fluctuation  in  air  currents  and 
general  vibration. 
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3.3.2  Isothermal  (Static)  and  Cyclic  Oxidation  Tenting 

All  static  and  cyclic  oxidation  tests  were  conducted  by  placing  specimens 
in  zircon  cup-type  crucibles  and  oxidizing  them  in  the  static  atmosphere  of 
electric  box  furnaces.  The  furnaces,  which  were  equipped  with  saturable 
core  reactors  and  proportioning  controllers  to  insure  stability  for  long¬ 
time  operation,  possessed  excellent  temperature  uniformity  within  their 
hot  zones.  For  the  two  furnaces  used,  a  temperature  variation  of  ±  5°F 
existed  at  1800°F  within  the  usable  ?"  X  10"  hot  zone.  At  1600°F  the 
temperature  variation  in  the  same  zone  was  reduced  to  ±  2°F.  This  large, 
uniform  temperature  zone  permitted  up  to  40  specimens  to  be  tested  at  any 
one  time. 


Whore  possible,  the  specimens  were  positioned  such  that  the  long-time  test 
specimens  were  placed  to  the  rear  of  the  hot  zone  permitting  rotation  of 
shorter  time  test  specimens  near  the  front  of  the  furnace.  Upon  completion 
of  any  test,  or  test  cycle,  the  crucible  was  removed  from  the  furnace  and 
immediately  covered.  This  prevented  tho  loss  of  react  ion  products  from  the 
specimens,  which  in  some  instances  spalled  quite  vigorously  during  oooling. 
Aftofc*  cooling  to  room  temperature,  the  specimen,  crucible,  and  specimen  plus 
crucible  weights  were  recorded. 


3.3.3  Flame  Tunnel  Testing 

Tho  dynamic  oxidation  tests  were  performed  in  a  natural  gas  fired  flame 
tunnel  of  special  design,  illustrated  in  Figure  3.  Those  i’leme  tunnels  are 
six  inches  in  diameter,  insulated  to  four  and  one-half  inches  inside  diumetor, 
and  water  cooled  by  external  copper  coils.  Heating  is  provided  by  the  com¬ 
bustion  of  a  natural  gas/air  mixture  through  a  ring  of  eight  solas  burners. 

The  normal  mass  flow  rate  through  tho  tunnel  is  approximately  100  lbs /in3 /hr , , 
and  secondary  air  is  drawn  in  the  center  of  the  gas  manifold.  The  resultant 
gas  velocity  is  50  «  75  ft/sec.  The  composition  of  combustion  products  and 
gnsos  vary  Bomuwhat  along  tho  longth  of  tho  tunnel.  A  typical  chromatographic 
gas  analysis  made  at  various  positions  relative  to  the  specimens  at  1650  mid 
2000°F  are  tabulated  below: 


leso^F 


Percent  Gas  Composition 


Position* 

Cfe 

Nb 

»s 

C0fc 

l"  in  front 

18.89 

79 . 30 

0.0006 

1..14 

1"  in  front 

18.85 

79.43 

0.0006 

1.10 

4"  In  back 

14.24 

81.33 

0.0007 

3.77 

4"  in  back 

12.78 

81.82 

0.0009 

4.56 

2000 

°F 

1"  to  right 

0.49 

83.04 

0.0001 

0.36 

1"  to  left 

9.44 

83.18 

0.0001 

6.40 

middle/ubovo 

9.95 

83.11 

0.0001 

6.12 

♦Relative  to  specimens 
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The  teat  specimens  were  mounted  in  a  K-30  fire  brick,  aa  illustrated 
in  Figure  8,  and  placed  in  a  motor  driven  rotating  metal  holder.  The 
holder,  which  is  air  cooled,  is  positioned  suoh  that  the  specimens 
rotate  within  the  hot  zone  of  the  flame  tunnel  perpendicular  to  the  gas 
flow.  This  specimen  holder,  with  a  capacity  of  14  specimens,  rotates 
at  10  rpm  and  provided  the  following  advantages: 

(1)  All  alloys  to  be  tested  (six),  including  duplicates,  could 
be  tested  at  the  same  time  while  exposed  to  identical 
environmental  conditions. 

(2)  A  more  quantitative  and  comparative  evaluation  of  metal 
loss  and  internal  oxidation  was  permitted  due  to  the 
symmetrical  arrangement  of  the  specimens  in  the  holder. 


The  temperature  of  the  specimens  was  measured  and  controlled  by  means  of  a 
Pt/Pt-13%  Rh  thermocouple  attached  to  a  dummy  specimen  located  just  above  the 
test  specimens  and  was  checked  periodically  by  an  optical  pyrometer.  At  2000°F 
tho  temperature  variation  of  any  one  specimen  was  found  to  be  no  greater  than 
20°F. 


During  these  tests  the  specimens  were  also  cycled  every  thirty  minutes  from  the 
test  temperature  to  1000°F  at  a  cooling  rate  of  approximately  3000°F/min.  This 
was  accomplished  by  a  blast  of  cold  air  which  automatically  cut  off  at  1000°F. 

3.3.4  Thin  Film  Oxidation 

These  tests  were  conducted  similar  to  the  static  oxidation  tests,  the  only 
difference  being  the  time  of  oxidation.  For  the  short-time,  thin-film  tests 
(five  minutes  to  four  hours),  there  was  no  means  of  determining  the  absolute 
time  at  temperature  due  to  heat-up  considerations.  Therefore,  the  test 
specimens  were  inserted  simultaneously  into  the  furnace  and  arbitrarily  allowed 
five  minutes  to  attain  the  desired  temperature.  Since  these  tests  were  intended 
only  to  produce  thin  films  for  structural  evaluation,  absolute  times  of  exposure 
were  not  considered  critical. 


3.4  Measurement  of  Subscalo  Reactions 


Subsequent  to  the  static  oxidation  tests  the  type  and  extent  of  subscale 
reaction  was  determined  for  both  heats  of  all  alloys.  Each  specimen  was 
prepared  for  metallographic  observation  by  sectioning  it,  placing  it  on  a 
wedge*  and  th#n  vacuum  mounting  in  a  cold  setting  plastic  reinforced  with 


*4  »  11°32 '  (5:1)  or  14°31’  (4:1) 
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FIGURE  6  Flame  Tunnel  Rotating  Specimen  Holder  Illustrating  the  Positioning  of  Specimens 


AliOa^3"  .  Standard  riietellogrnphic  polishing  procedures  were  employed  until 
the  platie  of  polish  intersected  the  oxidized  surface  of  the  apeclmen.  This 
produced  a  tapered  section  through  the  oxidized  surface  with  e  vertical  dis¬ 
tortion  or  magnification  of  either  4  or  5:1.  Thua  an  oxidized  surface  when 
mounted  on  a  5:1  taper  and  viewed  at  100X  was  in  reality  at  500X  in  a  direc¬ 
tion  perpendicular  to  the  oxide  scale.  This  mounting  technique  yielded  a 
measurement  accuracy  for  determining  the  depth  of  aubscale  features  of  ±0.25 
mils.  In  conjunction  with  the  special  mounting  material,  which  proved  very 
effective  in  preserving  the  oxidized  edge,  excellent  metellographic  results 
were  obtained. 

After  the  normal  metallographic  polish  the  specimens  were  etched  to  more 
clearly  reveal  the  extent  df  the  aubscale  reaction,  i.e,,  V1  dissolution  and 
Y1  agglomeration.  The  most  successful  etching  technique  found  suitable  for 
all  alloys  consisted  of  electrolytically  etching  in  a  solution  of  2%  chromic 
acid  +  5-10%  H9SO4  in  water  at  3-5  volts.  Although  Borne  materials  readily 
stained  employing  this  etch,  the  stain  could  be  easily  removed  by  a  10%  HC1 
methanol  solution.  An  alternate  etch  used  with  moderate  success  contained 
equal  parts  HC1  and  Sohantz  reagent*  ,  applied  with  a  cotton  swab. 

Measurements  to  determine  the  extant  of  scale  and  subscale  reactions  were 
performed  on  these  alloys  not  only  to  assist  In  developing  an  understanding 
of  the  oxidation  mechuniam,  but  also  to  provide  data  useful  for  application 
of  these  alloys  as  structural  components.  It  is  therefore  important  that 
each  type  of  measurement  be  thoroughly  defined.  A  definition  of  the  measure¬ 
ments  employed  to  deplot  the  resultant  scale  and  subscale  morphology  is 
presented  below  and  typically  illustrated  in  Figure  7. 

(a)  Scale  thickness  -  The  thickness  in  mils  of  the  outermost 
continuous  and  relatively  dense  surface  layer  formed  during 
the  reaction.  Usually  made  up  of  oxide  phases  but  occasionally 
contains  matrix  metal  inclusions. 

(b)  Internal  oxidation  (1,0, )  -  The  depth  below  the  scale/metal 
Interface  In  mile  where  selective  oxidation  of  reactive 
alloying  elements  occurs  through  the  dissociation  of  oxide(s) 
at  the  scale/metal  interface  or  anion  diffusion  through  the 
surface  Beale, 

Due  to  the  variety  of  alloys  studied  and  differences  in  the  type  of  1.0. 
observed,  this  definition  had  to  be  further  subdivided  into  1.0.  and  1,0,0. 
(intergranular  oxidation).  Hence,  the  broad  term  I.O.  refers  to  both  the 
classical  type  salt  and  pepper  suboxide  formation  and/or  intergranular 
oxidation.  Since  the  latter  type  usually  extends  deepest  into  the  material, 
It  is  also  referred  to  here  as  the  maximum  1.0.  (see  Figure  7).  Internal 
nitrides  are  also  included  in  this  measurement  since  they  generally  fail 
within  the  1,0,  region, 


*  150  ml  HeO,  30  ml  HaSOe,  360  ml  HC1,  100  ml  HN03 ,  150  ml  acetic  acid 
and  FeCla 
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V  dissolution  -  The  depth  below  the  scale/metal  interface 
at  which  significant  structural  changes  occur  because  of 
the  preferential  depletion  or  enrichment  of  alloying 
elements.  This  effect  is  primarily  evident  after  etching 
due  to  the  dissolution  of  y’  and  for  this  reason  is  so 
classified.  The  dissolution  of  other  intermetallics  such 
as  carbides  and  borides  are  also  observed  resulting  in  a 
zone  consisting  of  essentially  y  phase  (F.C.C,  solid 
solution).  This  measurement  is  the  same  as  that  sometimes 
referred  to  as  alloy  depletion  (A.D.).  However,  since  the 
concentration  of  some  elements  actually  increase  in  this 
region,  as  will  be  illustrated  by' the  EMX  results,  the 
term  A,D,  is  considered  misleading. 


(d)  Metal  loss  -  The  physical  reduction  in  material  thickness 
brought  about  by  the  conversion  of  metal  to  oxide  scale. 

The  measurement  is  obtained  by  comparing  the  metal  thickness 
(including  1.0.)  before  and  after  the  oxidation  test.  The 
expected  accuracy  for  this  Measurement  is  ±0.S  mil,  since 
vertical  sections  are  employed.  In  many  instances  this 
measurement  was  not  reported  for  static  oxidation  specimens 
since  the  measurement  was  within  the  cited  accuracy. 


As  illustrated  in  Figure  7 ,  the  original  oxide  metal  interface  is  taken  as  the 
base-line  for  all  measurements  and  as  such  is  assumed  not  to  vary  during 
oxidation.  This  assumption  might  be  reasonable  in  a  simple  alloy  system  con¬ 
trolled  by  cation  diffusion.  However,  in  the  complex  alloys  studied  here 
this  assumption  is  questionable  at  high  temperatures  and  long  times  where 
oxide  spalling  occurs,  scale  interfaces  are  Irregular,  and  Internal  oxidation 
may  be  replaced  by  a  more  favored  sub-oxide  formation.  Hence,  for  some 
alloys  the  above  scale  and  subscale  measurement  identification  may  not  be 
valid  over  the  entire  time/temperature  range  investigated  due  to  either 
movement  or  loss  of  identity  of  the  original  oxide/metal  interface  . 


3.5  Reaction  Product  Identification.  Procedures 


To  characterize  the  reaction  products  formed  during  the  various  types  of  teats 
performed  in  this  investigation,  a  number  of  quantitative  and/or  semi- 
quantitative  evaluation  techniques  had  to  be  employed.  X-ray  diffraction 
together  with  electron  microprobe  X-ray  (EMX)  analysis  and  light  microscopy 
evaluations  served  as  the  major  means  of  identifying  the  reaction  products 
formed.  In  addition,  however,  electron  diffraction  and  electron  microscopy 
were  UBed  to  establish  the  morphology  of  thin  films,  while  X-ray  florescence 
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and  chemical  analysis  were  employed  when  neoessary  for  further  substantiation. 
It  has  been  emphasized  throughout  this  investigation  that  at  least  two  inde¬ 
pendent  techniques  be  employed  for  all  critical  structural  identifications 
and  where  possible  duplicate  specimens  be  analyzed. 


3.8.1  X-Ray  Diffraction 

X-ray  diffraction  spectrometer  traces  and  Debye  Scherer  type  photograms  were 
obtained  using  filtered  chromium  or  copper  radiation.  The  X-ray  diffraction 
atudieo  were  conducted  on  eleatrolytically  stripped  oxide  films,  scraped 
oxides,  oxide  aoalea  in  situ,  spalled  reaotion  products,  and  any  other  features 
of  the  oxide  such  as  protrusions  whiah  might  lead  to  a  better  understanding  of 
the  oxide  morphology.  Information  regarding  suboxides  and  tho  general  oxide 
arrangement  was  obtained  by  comparing  the  oxidoa  identified  from  the  different 
type  X-ray  specimens  (i.e.,  oxide  in  situ  versus  electrolytical ly  stripped). 
Lattice  parameter  determinations  were  performed  in  those  instances  where  the 
information  was  required  to  identify  the  oxide,  as  in  the  oaso  of  spinel-type 
structures  or  where  oxide  solubilities  were  expected.  In  generul,  these 
parameters  were  determined  employing  the  Strammania  technique  where  only  the 
high  single  reflections  are  used  for  the  computation.  Where  possible,  the 
standard  A STM  Powder  Diffraction  Index  was  used  for  identification  purposeu. 
There  were  instances,  however,  where  the  identity  of  certain  lines  could  not 
be  made  due  to  nonavailability  of  ASTM  Index  patterns.  This  necessitated  the 
synthesis  of  compounds  such  as  NiTlOa  for  firm  identification  and  clarification 
of  the  various  alloy  matrix  reflections. 


3.5.2  Electron  Mioroprobe  X-Ray  Analysis 

For  tho  majority  of  the  EMX  analysis  concentration  versus  distance  traces  were 
taken  on  cross  sections  of  the  oxidized  specimens  mounted  on  5:1  tapers 
identical  to  those  employed  for  metallographic  evaluation,  These  trnceB  clearly 
denoted  the  concentration  variation  of  any  element  as  affected  by  the  oxidation 
process  since  the  oxidized  region  was  effectively  expanded.  Occasionally 
counting  techniques  were  employod  to  more  quantitatively  determine  the  concen¬ 
tration  of  specific  features.  Calibration  of  the  element  concentration  was 
established  using  pure  standards,  since  correction  factors  for  interaction 
of foots  between  elements  were  not  considered  significant  enough  in  this  study 
to  warrant  their  inclusion. 

Aside  from  determining  the  major  alloying  element  distribution  and  the  concen¬ 
tration  variation  in  the  oxide  scale  for  correlation  with  X-ray  results,  the 
EMX  proved  to  be  a  useful  tool  in  identifying  constituents  present  as  internal 
reaction  producta.  By  simultaneously  following  the  concentration  plot  and 
observing  the  traversing  electron  beam  (~  0.0  micron)  through  a  microscope 
concentration  peaks  could  be  related  to  particles  in  the  subscale.  The  fact 
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that  oxide  partioles  fluoresce  whan  bombarded  by  tha  electron  beam  served  to 
distinguish  them  from  lntarmatallica  and  carbide*  and  to  Identify  their  rela¬ 
tive  poeltion  in  the  metal  matrix  (i.e.  ,  tranagranular  or  intergranular).  It 
waa  thia  very  technique  which  permitted  the  identification  of  TIN.  Wavelength 
aeons  were  alao  employed  to  qualitatively  identify  constituents  contained  in 
various  intermetallio  phases. 


3.S.3  Light  Microsoopy  i| 

Light  mlorouoopy  was  used  to  complement  the  phase  identification  of  the  above 

two  techniques.  The  reaction  senes  of  the  metallogrsphio  specimen*  were  mag-  ' 

nifled  by  the  taper  mounting  technique  employed.  Thia  permitted  an  evaluation 

of  the  number  of  aurfaoe  oxide  phaaea  present  and  the  general  morphology  of 

internal  reaction  producta  which  were  correlated  with  the  other  features. 

Occasionally  polarised  light  waa  Incorporated  to  diatingulsh  between  isotropic 
and  aniaotropio  constituents. 


3.0.4  Electron  Microscopy 

Electron  microscopy  was  used  to  folldw  the  differences  in  oxide  topography 
between  the  alloys  during  oxidation.  Some  studies  were  also  made  of  the  oxide/ 
metal  interface  morphology, 

The  morphology  of  the  oxidized  aurfaoes  were  determined  by  direct  replication 
in  collodion,  and  preahadowing  with  germanium  at  approximately  flft® ,  The 
replicas  were  then  shadowed  with  carbon  and  the  original  collodion  replica 
dissolved.  The  resultant  replicas  were  examined  in  a  Philips  Model  100B 
electron  microscope. 

3.6.B  Electron  Diffraction 

The  surface  oxides  or  thin  films  produced  in  the  early  stages  of  oxidation  were 
iilontifiod  employing  electron  diffraction  reflection  techniques.  In  this  method 
olootrons  are  diffracted  from  the  bulk  surface  of  the  oxidized  specimens  at  a 
low  angle  and  the  resultant  Debye  rings  analyzed  as  in  the  case  of  X-ray  dif¬ 
fraction, 
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SECTION  IV 
RESULTS 


4.1  Oxidation  Kinetics 

Since  the  measure  of  the  intensity  of  an  oxidation  process  1b  its  rate,  u 
maani  must  fas  established  for  defining  this  rate  prooees.  In  this  investi¬ 
gation  the  thermogravimetric  (continuous -weight  gain)  method  was  employed 
where  the  rate  of  oxidation  oan  be  derived  from  the  change  in  weight  of  the 
sample  as  n  function  of  tins  at  ths  selected  temperature.  Ideally  theae 
experimental  reeulte  should  be  evaluated  by  empirically  "fitting"  the  data 
to  the  normal  oxidation  rate  lawa,  The  form  of  the  rate  law  which  ia  moat 
generally  applicable  oan  be  expreaaed  aa: 


0j)  R  •  t  +  C  Equation  1 

where  AW 

T 

. 

change  in  woight/unit  area  (mg/cma ) 

n 

a 

the  reaction  index  expressed  aa  a  whole  integer 
and  being  1  for  a  linear  rate,  2  for  n  parabolic 
rate,  3  for  a  cubic  rate,  etc. 

t 

a 

time  in  minutes 

K 

fas 

the  rate  constant  for  tho  proceaa,  the  order  of 
which  depends  upon  "n" 

C 

S3 

an  integration  constant 

.  Moll  •  ...  ...  -  . 

If  the  integration  constant  "C"  is  assumed  to  be  zero,  which  would  bo  the 
case  if  no  oxide  film  were  present  on  the  metal  surface  at  t  *  0,  the  reaction 
index  "n"  can  be  estimated  from  the  slope  of  log  (W/A)  versus  log  t  plota  by 
considering  the  general  rate  equation  in  the  following  form: 

1 


AW  .1 

or  log  -j-  ■  log  K  +  -  log  t  Equution  2 

Where  the  slope  of  the  straight  line  portion  of  the  resultant  curves  is  equal 
to  the  reciprocal  of  the  exponent  for  the  rate  law  that  is  controlling  the 
reaction.  However,  since  "c"  can  usually  only  be  oSBUmed  zero  for  the  initial 
oxidation  rate  proceaa  (<  10  min)  log-log  plots  serve  only  to  approximate  tho 
order  of  the  reaction  (n)  and  do  not  permit  a  determine tion  of  the  actual  rate 

i 
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constant  (K),  The  rat#  constant  must  be  determined  from  either  the  slope  of 
the  dtralght  linn  formed  by  plot*  of  (Aw/A)h  v*r*u»  t  or  by  computation*. 

Having  established  the  rata  of  raaotion  <K)  and  providing  tha  order  of  the 
reootioh  (n)  1*  oonatant  tha  tamparatura  dapandanoa  of  tha  oxidation  procaa* 
can  ba  duiormined  from  tha  following  equation.: 

Kn  ■  M  *  exp^  Equation  3 

where  Kn  ■  rate  oonatant  (mg/cm8 )n/oac 
A  ■  oonatant 

Q  ■  activation  energy  (cal/moie) 

R  -  gaa  oonatant  (cal/mole/'K) 

T  *  nbeolut*  temperature  (°K) 

If  from  Equation  3  a  plot  of  log  K  varaua  1/T  produces  a  straight  line,  the 
wlnpe  i*  repreaentativa  of  the  activation  energy  of  the  oxidation  process, 

The  activation  energy  may  in  turn  provide  information  regarding  the  mechanism, 
of  the  reaction. 

Although  the  kinetic  analyaia  presented  above  is  valid  in  theory,  and  in  fact 
applicable  for  aome  pure  metals  or  simple  alloy  systems,  the  complex  and 
heterogeneous  oxidation  proaesses  displayed  by  the  alloys  studied  in  this 
investigation  would  appear  to  preclude  a  rigorous  analyaia  of  this  type. 
However,  all  the  alloys  studied  diaplnyod  some  indication*  of  para-linear  typo 
oxidation  either  at  the  lower  temperature*  or  during  Initial  times  at  the 
higher  temperatures,  It  waa  only  after  long  time  or  high  temperature  exposures 
that  considerable  deviation  from  parabolic  rates  were  observed.  Therefore,  to 
provide  some  quantitative  means  of  comparing  the  oxidation  rates  of  these 
alloys  a  kinetic  evaluation  was  conducted  employing  linear  and  parabolic  rate 
constant*  determined  by  "curve  iitting"  to  Equations  1  and  3. 

Tho  continuous  weight  gain  test  data  for  both  heats  of  Rene  Y,  IN-100,  SM-200, 
and  Inco  713C  us  obtained  from  the  actual  continuous  chart  recordings  are 
tubulated  in  Tables  IA,  IIA,  IIIA  and  IVA  respectively.  Some  of  these  data 
are  plotted  on  a  logarithmic  basis  to; 

(o)  Present  the  typical  oxidation  behavior  of  each  alloy  as  a 
function  of  timo  and  temporature 

(b)  Illustrate  the  hest-to-hest.  variation  whioh  exists 

<o)  Approximate  the  order  of  the  reuotion  and  the  time  interval 
whioh  it  applies 


Some  variation  la  noted  to  exist  In  the  oxidation  behavior  between  the  two 
heata  of  then*  alloys.  However,  this  heat-to-heat  variation  ia  observed  to 
be  no  worse  than  that  which  exiata  between  identical  teat  specimens  of  the 
same  heat.  The  variability  can  then  be  escribed  to  differences  in  the 
individual  specimens  (i.e. ,  surface  porosity,  microstructure,  and  varying 
degrees  of  olectropalishing)  or  inherent  errors  in  the  experimental  technique, 


4.1.1  Rene  Y 

Of  the  alloys  svaluatad,  Rene  Y  conformed  moat  readily  to  a  kinetic  analysis. 

From  the  curves  illustrated  in  Figuros  8  and  8  a  linear  raaotion  rate  (slope  *  1) 
is  observed  for  short  timaa  at  1BOO#F  and  balow,  with  aubaequent  parabolic 
oxidation  (slope  -  1/2)  at  longer  timea  and/or  higher  temperatures .  Further 
evidence  for  the  exiatenac  of  linear  oxidation  during  the  initial  stages  of 
oxidation  was  affordod  by  the  straight  lines  produced  in  plots  nf  w/A  versus 
time.  The  parabolic  regions  of  the  rate  curve  were  demonstrated  by  the  excel¬ 
lent  straight  line  fit  obtained  when  (Aw/A;  was  plotted  as  a  function  of  time. 
There  worm  instances  in  which  the  oxidation  data  were  better  represented  by  a 
"cubic"  rate,  Pul  ainne  this  wan  not  true  in  the  majority  of  oases,  the  best 
fit  to  a  "rirabolio"  .ute(a)  of  oxidation  was  obtained.  It  is  appurent  from 
the  curves  that  the  linear  ratea  which  exist  at  1000“  and  1B00°F  are  replaced 
by  parabo  ic  rates  as  time  increase!.  At  1800°F  and  above,  two  parabolic  rates 
appeared  to  be  present,  the  aecond  one  being  slower  than  the  /Mrst.  The  oxi¬ 
dation  rate  constants  computed  from  the  data  shown  in  Table  IA,  aa  well  as  the 
time  intervals  over  which  those  rates  apply  are  summarized  in  Table  V.  Tho 
initial  ten  rninuten  of  oxidation  was  not  included  due  to  the  effects  of 
temperature  and  surface  preparation  during  thin  stage  of  oxidation. 

A  plot  of  the  rate  conatuntu  in  tho  normal  Arrhenius  form  is  shown  in  Figure  10 
and  includes  both  heats.  The  variation  between  Heats  1  and  2  during  linear 
oxidation  is  evident  and  more  scatter  is  observed  in  tho  data  points  for  Heat  2. 
The  validity  of  assigning  activation  energies  to  processes  na  complex  os  these 
may  be  questionable.  However,  the  alopea  of  these  curves  suggest  apparent 
activation  energies  of  30  K  unl/mole  for  tho  linear  rate  and  45  and  20  K  oal/mole 
lor  the  two  successive  parabolic  processes.  The  secondary  parabolic  proceus 
obtained  from  those  results  ia  observed  only  after  long  times  ut  moderute 
temperatures  or  after  relatively  shorter  times  ut  the  high  temperatures  where 
volatile  reaction  product!  were  obaervad  after  touting,  as  indicated  by  a  block 
condenoate  on  the  specimen  hanger  chain.  It  has  also  been  demons trated<3,rJ) 
that  such  i'actora  as  oxide  porosity  or  denaif ication,  changing  specimen  geometry, 
and  oxide  interactions  can  produce  deviation*  from  ideal  parabolic  rate  laws. 
Henoe,  the  secondary  parabolic  rate*  obarrvod  may  be  representative  of  combined 
oxidation  and  volatilization  proceases  which  produce  what  appears  to  be  a 
slower  parabolic  oxidation  rate.  If  this  is  the  case,  the  assignment  of  an 
activation  energy  to  this  latter  process  will  have  no  significance  with  respect 
to  determining  the  oxidation  mechanism. 


32 


NE  Y  (HEAT  2) 


FIGURE  9  Typical  Logarithmic  Plot  of  Weight  Gain  Versus  Time  for  Rene  Y  Heat  2 


'/T  (#KhX105) 


FIGURE  10  Arrhenius  Plot  of  the  Rate  Constants  for  Rene  Y 


4.1.2  IN- 100 


The  oxidation  behavior  of  IN- 100  la  typified  by  the  log- log  plots  of  weight 
gain  versus  time  in  Figures  11  and  12.  The  curves  illustrate  a  combined 
cubic/parabolic  oxidation  rate  (slope  a  1/2  to  1/3)  at  the  lower  temperatures 
or  during  the  initial  periods  at  high  temperatures.  These  reaction  rates 
decrease  after  long  times  and/or  high  temperatures.  The  decrease  in  weight 
gain  rate  is  attributed  to  spalling  losses  which  were  actually  observed 
during  testing.  In  some  instances  at  2100°F  spalling  was  actually  observed 
during  the  first  hour  of  testing. 


The  oxidation  rate  constants,  as  computed  from  the  slopes  of  the  "beBt-fit" 
straight  lines  from  AW/A  or  (AW/A)8  versus  time  plots,  are  summarized  in 
Table  VI.  Although  parabolic  rates  were  computed  for  comparative  purposes, 
the  majority  of  data  were  beat  represented  by  cubic  rate  couatants.  The 
absence  of  linear  type  oxidation  at  temperatures  above  1400°F,  the  relatively 
limited  time  Interval  for  initial  parabolic  oxidation  (Kp^),  and  the  existence 
of  a  secondary  parabolic  oxidation  rate  (Kpij)  are  all  noteworthy  features. 


A  plot  of  the  rate  constants  in  the  normal  Arrhenius  form  is  shown  in  Figure 
13.  Considerable  scatter  is  present  in  the  data  and  above  2000°F  some  devia¬ 
tion  from  the  straight  line  representing  Kpj  exists.  From  the  straight  line 
formed  during  initial  parabolic  oxidation,  a  value  for  Q  of  45  K  cal  w&b 
computed,  which  is  similar  to  that  determined  for  Rene  Y.  It  is  doubtful, 
however,  that  this  value  is  the  enthalpy  required  for  oxidation  in  view  of 
the  complex  nature  of  the  oxidation  process.  This  value  should  rather  be 
considered  an  empirical  constant  which  characterizes  the  initial  stages  of 
oxidation  below  2000°F. 


As  in  the  kinetic  analysis  for  Rene  Y,  a  dual  parabolic  oxidation  process  is 
also  observed  for  IN-100  above  1P00°F.  Since  the  value  of  KPII  does  not  vary 
significantly  with  temperature,  it  is  probably  related  to  some  mechanical 
rather  than  a  thermo-chemical  process.  Oxide  spalling  during  exposure  is 
considered  most  likely  responsible  for  this  constant  oxidation  rate. 
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FIGURE  11  Typical  Logarithmic  Plot  of  Weight  Gaia  Versus  Time  for  IN- 100  Heat 


IN-IOO 1HEAT  Z) 


FIGURE  12  Typical  Logarithmic  Plot  of  Weight  Gain  Versus  Time  for  IH-100  Heat 
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Values  in  parenthesis  indicate  duration  which  rate  constant  applies. 


K  <mg/cm*/s«c)n 


4.1.3  SM-200 


Aa  observed  In  IN-100,  the  oontinuoua  weight  gain  curves  for  SM-200  (Figures  14 
and  15)  alao  deviate  conaiderably  from  parabolic  after  long  time  high  tempera¬ 
ture  exposure*,  In  fact,  prolonged  expocurea  at  2100*F  produced  an  apparont 
cessation  in  weight  gain  followed  by  a  weight  decrease.  Since  spalling  was 
not  evidenced  during  any  of  the  teata,  excessive  vaporization  was  expected.  An 
X-ray  fluorescence  analysis  of  the  deposits  acraped  from  the  cooler  sections 
of  the  specimen  hanger  chain  indicated  largo  amounts  of  chromium  and  tungsten*. 
However,  an  X-ray  analysis  of  the  aame  deposit  produced  an  unidentifiable 
pattern. 

The  linear  and  parabolic  rate  conatanta  derived  from  the  various  tests  aro 
summarized  in  Table  VII  and  further  illustrate  the  anomalous  high  temporature 
behavior,  Aa  with  IN-100,  the  linear  reaction  rates  (KpJ  were  limited  to 
the  first  few  hundred  minutes  of  oxidation  at  temperatures  greater  than  1800° F, 
A  plot  of  these  reaction  conatanta  versus  reciprocal  temperature,  shown  in 
Figure  10,  indicates  a  discontinuity  in  the  initial  parabolic  process  at 
approximately  1700°F.  This  suggests  that  two  initial  parabolic  processes  are 
operative,  each  of  which  is  controlled  by  a  different  mechanism  or  combination 
of  mechanisms. 


4.1.4  INOO  713C 

As  illustrated  in  Figures  17  and  18  the  oxidation  behavior  of  this  alloy  dis¬ 
plays  more  heat-to-heot  variation  than  the  other  alloys  tested.  The  large 
grain  size  of  the  test  specimens  and  difficulties  encountered  in  electropolishing 
the  specimens  may  account  for  this  behavior,  However,  the  cause  of  the 
anomalouo  shape  of  the  oxidation  curves  for  both  heats  at  2000°F  has  not  been 
established.  Spalling  and  vaporization  effects  can  be  discounted  since  neither 
were  observed  during  the  tests.  The  behavior  observed  for  this  alloy  may 
rather  be  associated  with  the  relatively  high  aluminum  content  of  the  alloy 
and  the  dissolution  of  the  uluminum-rich  y'  phase  at  this  temperaturo,  This 
will  be  discussed  further  in  another  section. 

The  oxidation  rate  constants  for  this  alloy  which  are  summarized  in  Table  VIII, 
are  in  general  similar  to  the  previous  two  cast  alloys.  The  notable  exception’ 
is  the  absence  of  any  linear  oxidation  rates,  The  variation  of  the  oxidation 
constants  with  reeiprical  temperatures  is  illustrated  in  Figure  19.  The 
relation  depicts  two  reasonably  well  defined  parabolic  processes. 


*  The  analysis  also  identified  leBser  amounts  of  all  the  other  constituents 
in  the  alloy. 


42 


(,ujo/6ui)  NIVO  JLHSI3U 


FIGURE  15  Typical  Logarithmic  Plot  of  Weight  Gain  Versus  Time  for  SH-20G  Heat 
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FIGURE  16  Arrheniue  Plot  of  the  Rate  Constants  for  SM-200 
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FIGURE  19  Arrhenius  Plot  of  the  Rate  Constants  for  Inco  713C 
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4.1.B  Comparison  of  Alloy  Kinetics 

The  kinetio  analyses  performed  In  this  Investigation  do  Indicate  certain 
similarities  In  the  oxidation  mechanisms  which  dictate  the  behavior  of  these 
alloys.  However,  it  is  doubtful  that  the  activation  energies  computed  for 
the  parabolic  rates  are  representative  of  simple  diffusion  processes.  The 
rate  controlling  oxidation  mechanisms  ?re  probably  much  more  complex. 

Although  models  have  been  developed  to  correct  thermogravimetric  data  for 
the  high  temperature  vaporization  effects"*14  the  correlation  obtained  with 
the  present  data  was  poor,  indicating  that  the  assumptions  of  single  phase 
oxldo  formation  and  parabolic  oxidation  kinetics  are  not  valid  for  theso 
alloya. 

On  the  other  hand,  the  oxidation  data  obtained  in  this  investigation  do 
denote  gross  differenoea  in  oxidation  behavior  of  any  alloy  and  thus  serve 
to  compare  the  oxidation  rates  of  the  alloys.  Such  a  comparison  is  presented 
in  Figure  20  for  two  exti’eme  test  temperatures.  At  1600°F  all  the  alloys 
oxidize  similarly  with  no  more  than  a  factor  of  three  difference  in  total 
weight  gain  after  100  hours  exposure.  All  alloya  exoept  Inoo  713C  showed  a 
linear  reaction  rete  (slope  »  1)  during  the  initital  stage  of  oxide  scale  for¬ 
mation  with  subsequent  parabolic  (slope  —  1/2)  or  cubic  oxidation  (slope  -  1/3) 
after  longer  times.  The  relatively  alow  initial  oxidation  rate  demonstrated 
by  Inco  713C  ia  not  fully  understood.  At  2000°F  the  general  weight  gain  be¬ 
havior  of  the  alloys  are  also  similar  and  it  is  apparent  that  the  linear  rates 
which  were  prominent  at  1600*F  have  been  replaced  by  parabolic  rates  during 
the  initial  100  minutes  of  oxidation.  This  can  Blmply  be  construed  as 
equivalent  to  the  latter  stages  of  oxidation  at  1600°F  where  oxide  growth  is 
diffusion  controlled.  However,  for  times  much  creator  than  100  minutes  the 
oxidation  rates  decelerate.  This  behavior  has  *  n  associated  with  excessive 
oxide  deposits  on  the  specimen  hanger  chain  and  throughout  the  oxidation  test 
equipment  with  no  corresponding  observation  of  spalling  losses.  Hence,  oven 
in  this  slow  flowing  (1  liter/min)  environment,  oxide  volatilization  is  con¬ 
sidered  primarily  responsible  for  the  oxidation  behavior  observed.  At  1400'’, 
1800° ,  and  2100°F  the  alloys  displayed  oxidation  rates  which  wero  either 
extremes  of  those  illustrated  in  Figure  20  or  transitional  as  was  the  case 
at  1800° F  where  some  alloys  displayed  volatilization  and  others  did  not. 

A  comparison  of  the  oxidation  ratoB  of  those  alloys  is  illustrated  in 
Figure  21  where  the  initial  parabolic  rate  constants  (Kp»)  are  plotted  versus 
reciprocal  temperature.  Although  a  kinetic  evaluation  of  Rene  41  and  U-700 
was  not  performed  in  this  investigation  their  oxidation  behavior  has  been 
previously  characterized  in  a  similar  3t.udy:3)  The  results  are  included  here 
for  a  more  complete  comparison  of  the  alloys.  Considering  the  differences  in 
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WEIGHT  GAIN  (mg/cm 


PARABOLIC  RATE  CONSTANT,  KPI  {mgVcmVsec) 


. composition  and  activation  energies  displayed  by  this  group  of  alloys  the 
similarity  in  oxidation  rate  !*t  1800°F  and  below  is  pronounced.  A  notable 
exception  is  IN- 100  which  oxidizes  five  to  ten  times  faster  than  the 
other  alloys.  If  data  scatter  is  considered  and  IN-100  excluded,  there 
is  essentially  no  difference  in  the  initial  oxidation  rates  of  these 
alloys  between  1600  and  1900°F.  It  should  be  noted,  however,  that  the 
time  interval  over  which  this  initial  parabolic  oxidation  rate  is  appli¬ 
cable  generally  decreases  with  increasing  temperature.  Therefore,  these 
curves  only  compare  the  initial  oxidation  behavior  and  should  not  be  con¬ 
sidered  applicable  for  extended  times  above  1800°F. 


4.2  Static  Oxidation  Behavior 


The  data  presented  here  establish  the  type  and  extent  of  the  oxidation 
reactions  for  Rene  Y,  SM-200,  IN- 100  and  Inco  713C  during  Btatio  oxidation. 
For  these  studies,  specimens  were  exposed  in  ambient  air  at  1600,  1800,  and 
2000°F  for  times  of  5  minutes  to  1000  hours.  A  relatively  complete  micro- 
structural  characterization  of  the  oxidation  products  is  presented,  however, 
in  some  instances,  details  and  apparent  anomalies  remain  undefined. 


4.2.1  Thin  Film  Studies 

This  study  was  conducted  to  determine  the  nature  of  the  initial  oxide  films 
formed  on  these  alloyB.  Information  regarding  this  stage  of  oxidation  Is 
necessary  to  obtain  an  understanding  of  the  subsequent  longer  time  behavior. 
The  progressive  growth  of  the  oxide  scale  during  four  hours  exposure  at 
1600°F  is  illustrated  for  each  alloy  by  the  sequence  of  electron  photo¬ 
micrographs  In  Figure  22  through  28.  Although  some  variation  was  observed 
in  those  thin  films  due  to  orientation  and  homogeneity  effects,  the  areas 
selected  are  considered  representative.  For  each  alloy  the  base  oxide 
film  (5  minutes)  is  observed  to  mature  with  time  as  indicated  by  the 
crystallite  development.  The  cast  alloys  all  demonstrated  at  least  one 
additional  oxide  phase  which  appears  to  protrude  through  the  base  oxide 
and  subsequently  grow  or  agglomerate.  This  behavior  became  more  pronounced 
on  thin  films  formed  at  1800°F.  It  is  this  heterogeneous  oxide  formation 
and  the  combined  action  of  the  different  oxidation  modes  operative  which 
is  considered  responsible  for  the  irregular  oxidation  kinetics  observed  in 
the  previous  section. 


A  summary  of  the  oxide  phase  idontif ication  for  these  thin  films  is  presented 
in  Table  IX  along  with  the  specific  identification  technique  employed.  As 
Indicated,  electron  diffraction  reflection  techniques  did  not  yield  workable 
results.  In  most  instances,  the  patterns  were  either  too  weak  or  diffuse 
to  perform  an  analysis,  Where  patterns  wore  obtained,  arcing  of  the  Debye 
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a)  B  Minute* 
(lO.OOOX) 


30  Minutes 
(10.000X) 
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i  ■ 


c)  240  Minutes 
(lO.OOOX) 


(668C) 


FIGURE  22  Initial  Oxide  Growth  Morphology  in  Rene  Y  During  Exposure  at 
1800°F.  Shadowed  replica  as  stripped  for  specimen  surface. 
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a)  S  Minutes 
(10.000X) 


(990A) 


b)  30  Minutes 
(10.000X) 


(099B) 


240  Minutes 
(10.000X) 


FIGURE  23  Initial  Oxide  Growth  Morphology  in  SM-200  During  Exposure 

at  1800°F.  Shadowed  Roplicn  ns  stripped  from  specimen  surface. 
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a)  5  Minutes 
(10.000X) 


(696 A) 


c)  240  Minutes 
(lO.OOOX) 


(6960 


FIGURE  24  Initial  Oxide  Orowth  Morphology  in  IN- 100  During  Exposure  at 
1600°F.  Shadowed  Replica  as  stripped  from  specimen  surface. 
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table  IX 


SUMMARY  OF  THIN  FILM  OXIDE  IDENTIFICATION 


Alloy 

Temp 

TO 

Time 

Twins) 

Method 

Rede  Y 

1800 

5 

(b) 

1600 

120 

(o) 

1800 

5 

(b) 

1800 

30 

<c) 

9M-200 

1800 

5 

(b) 

1600 

30 

(b) 

1600 

120 

(c) 

1800 

6 

(b) 

1800 

30 

(c) 

Inca  713C 

1600 

5 

(b) 

1600 

30 

(b) 

1000 

120 

<c) 

1800 

6 

(b) 

1800 

30 

(c) 

IN- 100 

1600 

8 

(b) 

1600 

30 

(b) 

1600 

120 

(c) 

1800 

5 

(b) 

Products 


CrgOa  . 

CrgOa +MnCro04 (ao=8.41A) (W) 

CrjOa  •. 

CrgOa  +MnCra04  (ao  -8  *43A)  (W) 

Spinel  (#0*8. 34 A) 

Diffuse 

Spinel (uo  *8 . 24A)+TiOg (W) +W0n  * 

Diffuse 

Spinel(ao*8. 34A)+NiO*(Cr ,Al)g03+TiOo (VW) 

No  pattern 

Diffuse  . 

NiO(a0 -4. 12A) +Spinel(a0 -8.24A) 

Diffuse  { 

NiO(oo*4 . 1BA)+Spinel (bo  =>8.34A)+Cra03 


No  pattern 

(Ni!co!v)0(a0*4 . 3oA)+Ti03+Cr203 (W)+Ala03 (W) 
Diffuse 


(a)  Listed  in  order  of  decreasing  intensity 

(b)  Electron  diffraction  reflection 

(c)  X-ray  diffraction  of  e lectroly ticolly  stripped  oxide.  Carbide  phases 
not  listed. 

*  Tentative  identification 


rings  Indicated  some  preferred  orientation  present.  The  accuracy  of 
electron  dlffraotion  transmission  techniques  was  not  considered  sufficient 
for  oxide  phase  identification,  therefore,  most  of  the  thin  film  identifi¬ 
cation  was  performed  using  X-ray  diffraction  of  electrolytically  stripped 
films.  However,  the  identification  of  oxides  employing  thiB  technique 
was  complicated  by  the  presence  of  intermetallic  phases  from  the  metal 
which  were  also  extracted  with  the  oxide.  A  typical  X-ray  pattern  pro¬ 
duced  using  this  technique  is  shown  in  Table  X. 


Relating  the  thin  film  morphology  and  corresponding  X-ray  identification, 
the  various  features  of  the  structure  can  be  characterized.  To  assist  in 
determining  the  chemical  makeup  of  the  spinel  phases  or  oxides  with  distorted 
parameters  the  composition  of  the  matrix  of  each  alloy  was  determined  employing 
a  Phacomp  analysis®6*.  The  results  of  this  analysis  are  presented  in  Table  VA. 
These  results  indicate  that  for  the  majority  of  alloys  the  mutrix  is  con¬ 
siderably  richer  in  Cr,  Co,  and  Mo  than  the  bulk  chemical  analysis  shows. 

This  is  due  to  intermetallic  formation  (i.e.,  y',  carbides,  borides)  which 
deplete  the  matrix  of  Ni,  Al,  Ti,  and  aho  strong  carbide-forming  elements. 


For  SM-200  (Figure  23)  the  base  oxide  is  a  cubic  spinel  whoso  lattico 
parameter  and  matrix  analysis  suggests  a  (Ni,Co)Cr904  composition.  This 
oxide  contains  TiCfe  and  possibly  Wtt,  protrusions  which  grow  with  time.  The 
position  of  these  secondary  phases  indicates  some  relation  with  grain 
boundaries  and/or  interinetallics  in  tho  alloy. 


For  IN-100  (Figure  24)  tho  initial  oxide  iB  cubic  (Co,  Ni)0  lattico 
further  expanded  by  the  solution  of  V.  This  oxide  contains  a  random  size 
distribtuion  of  TiO^  (rutilo)  protrusions  which  also  grow  rapidly  with  time. 
After  4  hours  exposure  at  1600°F,  the  protrusions  become  massive  and  occupy 
approximately  30%  of  the  surface.  There  is  also  some  evidence  of  a-AlgOj 
and  a-CrgOh  type  oxides  but  these  (particularly  the  AljO^)  may  be  part  of 
the  internal  oxide. 


Inco  713C  (Figure  25)  Initially  forms  cubic  NiO  whoso  lattice  paramoter 
indicates  relatively  high  purity.  After  4  hours  exposure,  crystalline 
Ni(Cr,Al)a04  typo  spinel  protrusions  are  observed.  The  apinel  phase  forms 
a  pattern  which  indicates  some  relation  with  tho  matrix  morphology. 


In  all  instances,  tho  cast  alloys  display  thin  films  with  multi-phase 
oxides.  However,  the  thin  film  morphology  for  Rene  Y  (Figure  22)  displayed 
a  relatively  uniform  single  phase  oxide  of  rhombohedral  a-CrgOg  and  possibly 
some  homogonoous  (Mn,Ni)Crs04  splnol  overgrowths.  After  exposure  at  1800 
and  2000°F,  the  oxide  remained  uniform  although  significantly  more  developed 


TABLE  X 


TYPICAL  X-RAY  PIFFRACTXCW  PATTERN  0?  PRODUCTS  ELECTROLYTIC ALLY  STRIPPED 
FROM  IN" .100  AFTER  2  HOURS/16000F 


illJL-L. 


d<Jt> 

Uh 

(Co.Ni ,V)0 
Cubic 
<ftOw4.3b , 

TiOfa 

Tetragonal 
ao>4. BOi 
cqb2.96A 

Rhomb 

Cra0a 

Rhomb 

a. as 

M 

• 

110 

• 

m 

*. 

a. 67 

vw 

- 

- 

- 

104 

400 

a. ss 

vw 

- 

- 

104 

- 

- 

2.40 

s 

Ill 

101 

- 

110 

- 

2.38 

vw 

- 

- 

110 

- 

420 

2.30 

vw 

200 

• 

3.10 

vw 

- 

111 

- 

- 

- 

2.15 

M 

200 

- 

- 

• 

422 

2. OS 

w 

•» 

210 

- 

- 

Bll 

1.80 

vw 

w 

- 

- 

- 

531 

1.74 

vw 

* 

- 

024 

- 

1.88 

M 

- 

211 

> 

- 

620 

1.60 

vw 

- 

- 

- 

110 

- 

1.62 

w 

- 

220 

- 

- 

533 

1.60 

vw 

- 

- 

lie 

- 

622 

1.86 

vw 

- 

- 

- 

- 

1.  52 

M 

220 

m 

- 

- 

- 

1.475 

VW 

- 

002 

- 

- 

- 

1.450 

vw 

- 

310 

- 

- 

- 

1.42S 

vw 

- 

- 

- 

300 

- 

1.400 

vw 

- 

- 

- 

— 

1. 356 

w 

- 

301 

- 

- 

1.345 

vw 

- 

112 

- 

- 

- 

1.299 

M 

311 

311 

- 

- 

644 

1,256 

vw 

- 

- 

- 

- 

- 

1.245 

w 

- 

202 

- 

1.169 

vw 

- 

321 

- 

- 

840 

1.150 

vw 

- 

400 

- 

- 

- 

1.092 

vw 

- 

322 

- 

• 

- 

11  more  lines 


S  ■  strong;  M  ■  medium;  W  ■  weak;  V  *  very 
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as  illustrated  in  Figure  26.  The  tnioroporoslty  noted  at  the  edges  of  the 
crystal  faces  (Figure  26(a))  may  reflect  the  onset  of  oxide  vaporization. 
After  the  2000°F  exposure  (Figure  26(b)),  crystal  growth  is  observed  along 
with  rounding  of  the  crystal  edges.  This  latter  effect  is  believed  to 
reflect  an  advanced  stage  of  volatilization. 


-1.2. 2  Macroscopic  Oxide  Morphology 

To  completely  evaluate  the  oxidation  mechanism  of  an  alloy,  the  macroscopic 
as  well  as  the  microscopic  oxidation  process  must  be  understood.  This  is 
particularly  Important  for  complex  alloys  where  inhomogene it lea  can  exist 
and  influence  the  oxidation  behavior.  For  this  reason,  some  attention  was 
devoted  to  evaluating  the  gross  oxide  morphology  as  a  function  of  both  time 
and  temperature. 


The  general  oxide  morphology  of  IK- 100  continuous  Weight-gain  specimens  as 
a  function  of  testing  temperature  are  illustrated  in  Figure  27.  The 
general  thickening  of  the  oxide  with  increasing  oxidation  temperature  is 
evident.  The  important  feature,  however,  is  the  relation  between  the 
interdondritic  precipitates  in  the  aa-caBt  structure  (Figure  27(a))  and 
the  excessive  oxide  buildup  in  these  regions  with  increasing  temperature, 
which  oventually  leads  to  spalling.  Figure  28  is  presented  to  further 
demonstrate  the  apparent  relation  which  exists  between  precipitates  within 
as-cast  SM-200  and  Inco  713C  and  the  subsequent  oxide  growth  pattern. 
Although  the  specific  cause(s)  of  the  oxide  buildup  on  or  in  the  vicinity 
of  original  intordendritlc  precipitates  was  not  established,  it  in  no 
doubt  related  to  alloying  element  partitioning  present  in  the  cast  alloys. 
It  also  demonstrates  that  the  heterogeneous  oxidation  observed  during  thin 
film  oxidation  persists  after  longer  exposures. 


Figure  29  shows  the  gonorol  appearance  of  the  oxides  produced  during  the 
static  oxidation  of  Reno  Y  at  1800°F.  Of  significance  here  is  the  varia¬ 
tion  in  oxide  morphology  exhibited  between  houts  and  the  homogeneous 
appearing  oxide.  Heat  1,  which  consistently  displayed  superior  oxidation 
resistance  in  oxidation  tests,  demonstrated  the  nucloation  and  subsequent 
growth  of  oxide  protrusions  as  a  function  of  oxidation  time.  Heat  2,  on  the 
other  hand,  shows  no  such  effects.  The  protrusions,  although  tenacious, 
wero  removed  and  analyzod  using  X-ray  diffraction.  With  tho  exception  of 
additional  NiO  and  matrix  phase,  the  structure  was  the  same  as  the  adjoining 
oxide.  Further  explanation  regarding  the  cause  or  significance  of  this 
phenomenon  is  presented  In  tho  following  section. 
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,a- 


Mhf 


C6Q 102807 


(a)  Heat  #1  -  Oxidized  100  hours 
Note  nucleatlon  of  protrusions 


CSS  1122 12 

(b)  Heat  #1  -  Oxidized  1000  hours 
Note  growth  of  protrusions 


C65 102600  CSS  102604 

(c)  Heat  #2  -  Oxidized  100  hours  (d)  Heat  *2  -  Oxidized  1000  hours 


FIGURE  29  The  general  surface  appearance  and  heat  variations  observed  for 
Rene  Y  oxidized  in  static  air  for  various  tines  at  1800°F.  Note 
the  formation  and  growth  of  oxide  protrusions  in  Heat  #1. 
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4.2.3  Rena  Y  Oxidation 


Typical  microstructures  depicting  the  morphology  of  the  oxidation  reactions 
for  Rene  Y  after  various  times  and  temperatures  are  presented  in  Figures  30 
and  31.  The  quantitative  measurements  indicating  the  extent  of  the  reactions 
are  given  in  Table  XI.  The  oxide  features  consist  of  a  relatively  dense 
two-phase  scale  with  semi-continuous  grain  boundary  attack  and  a  uniform 
1.0.  or  I. 0.0.  region.  The  oxide  measurements  indioate  the  following: 

(1)  Greater  oxidation  resistance  for  Heat  Ho.  1  (see  Figure  30).  This 
heat  variation  is  considered  a  result  of  fabrication  Induced  vari¬ 
ables,  since  the  ohemical  analysis  of  the  two  heats  are  essentially 
identical. 

(2)  For  each  heat  the  scale  thickness  reached  a  maximum  value  and  then 
remained  constant  or  decreased  with  increasing  time/temperature.  The 
1.0.  ,  however,  continued  to  Increase  with  time  and  temperature  attaining 
a  depth  two  to  four  times  greater  than  the  scale  thickness.  This 
provided  additional  support  for  the  hypothesis  that  vaporization  of 
oxides  is  significant  at  temperatures  greater  than  1800 °F. 

(3)  The  growth  of  I.O.ifollows  parabolic  kinetics  within  the  accuracy  of 
measurement  (this  will  be  covered  in  more  detail  in  a  subsequent 
section) . 

(4)  Only  very  slight  spalling  of  surface  oxides  was  observed  after  an 
exposure  of  1000  hours  at  2000°F. 

(5)  Alloy  depletion  or  y'  dissolution  was  not  detected  since  this  alloy 
does  not  form  y'.  However,  a  zone,  irregular  in  thickness  and 
depleted  of  carbides  was  found  to  exist  below  the  oxide  scale. 

The  results  of  X-ray  diffraction  studies  of  oxidized  specimens  obtained 
employing  various  techniques  are  summarized  in  Tablo  XII  while  Tables  XIII 
and  XIV  present  typical  X-ray  diffraction  patterns  of  the  reaction  products. 
Figure  32  summarizes  the  results  of  microprobe  traverses  through  the  oxide 
zone  after  exposures  of  100  hours  at  1600,  1800,  and  2000C’F. 


By  combining  the  results  of  the  metallogr aphic  evaluation,  X-ray  identifi¬ 
cation  and  microprobo  analysis,  the  nature  of  the  oxidation  reaction  can  be 
understood.  During  the  initial  stages  of  oxidation  at  1600  and  1800°F, 
the  rhombohedral  phase,  a-CrgOtj  ,  is  the  primary  scale  product  with  traces 
of  MnCra04  spinel.  X-ray  diffraction  of  surface  oxidos  in  situ  shows 
mixtures  of  the  cubic  spinel  MnCra04  and  a-Cr303  at  temperatures  between 
1600  and  3000°F  for  times  up  to  1000  hours.  With  increasing  tomporature 
or  time  at  temperature,  MnCrB04  becomes  the  predominant  oxido  phase  with  a 
lattice  parameter  which  varies  from  8 . 49 JL  at  1600°F  to  8.43jl  at  2000C'F. 
Correspondingly,  the  apparent  abundanco  of  <r*Cr3&j  decroasos  with  increasing 
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f  j.GOni.  jo  Typical  Scale  and  Subscale  Morphology  for  Rene'  Y  Oxidized  1000  Hours  at  1600°F  Denoting 
Scaling  Differences  Between  Heats.  Mounted  on  5:1  Taper  Sections.  Unetched  (500X) 


STATIC  OXimTIO.N  HETALLOGRAPHIC  RESULTS  FOR  RENE 
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X-RAY  IDENTIFICATION  OF  REACTION  PRODUCTS  FOP  HITO-S  Y  EXPOSED  IN  STATIC  AIR 
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TABLE  XIII 

TYPICAL  X-RAY  PATTERN  0?  SPALLED  OXIDE  FROM 
RElNl£  Y  AFTER  1000  HOURS /2000#F  IN  STATIC  AIR 


hkl 


d(A) 

l/Io 

Matrix 

(F.C.C, ) 

a-CrB  Qj 
Rhomb 
(aop5.38A) 
<a*55°8'") 

MnCr#  04 
Cubic 

(*o»8 , 42 A) 

NiO 

Cubic 

(a0*4.17A) 

3.00 

W 

- 

012 

- 

- 

2.95 

WW 

- 

- 

220 

- 

2.05 

s 

- 

104 

- 

- 

2.53 

s 

- 

- 

311 

- 

2.47 

s 

- 

110 

- 

- 

2.42 

vvw 

- 

- 

222 

- 

2.40 

vw 

- 

- 

- 

Ill 

2.16 

w 

- 

113 

- 

- 

2.10 

vw 

- 

400 

- 

2.075 

w 

Ill 

- 

- 

200 

1.810 

w 

200 

024 

- 

1.720 

WW 

- 

- 

422 

- 

1.665 

s 

- 

116 

- 

- 

1.619 

w 

- 

- 

511 

- 

1.571 

vvw 

- 

112 

- 

- 

1.408 

M 

- 

- 

440 

- 

1.473 

w 

- 

- 

- 

220 

1.462 

w 

- 

214 

- 

- 

1.429 

vs 

- 

300 

- 

- 

1.331 

vvw 

- 

- 

620 

- 

1 .293 

w 

- 

1-0- 10 

_ 

1.284 
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- 
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533 

- 

1.238 

w 

- 

220 

- 

.. 

1.217 

vw 
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4-44 
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- 

306 
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.. 

1.205 

w 

- 

- 

- 

222 

1.173 

WW 

- 

128,312 

- 

- 

S  =  8 1  roriK ; 

M  --  medium 

,  W  ::  wt-uk; 

V  =  vo  ry 
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TABLE  XIV 


TYPICAL  X-RAY  DIFFRACTION  FROM  SURFACE  OXIDES 
FORMED  ON  RENlI  Y  AFTER  100  HOURS/2100°F  IN  STATIC  AIR 


_ h  k  1 _ 

a-Cra03 

MnCra  0*  Rhombohedral 

Spinel, Cubic  (ao-5.37.ll) 
d(A)*  I/Iq  (bq«8.44A)  (0=55, 4“) 


**4.19 

10 

- 

- 

3.6S 

29 

- 

012 

2.99 

SO 

220 

- 

2.67 

33 

- 

104 

2.55 

100 

311 

- 

2.49 

25 

- 

110 

2.18 

11 

- 

113 

2.11 

17 

400 

- 

1.81 

8 

- 

024 

1.72 

8 

422 

- 

1,67 

21 

- 

116 

1.625 

25 

511,333 

- 

1.492 

27 

400 

- 

1.467 

8 

214 

- 

1.433 

10 

531 

300 

1.287 

8 

822 

1-0- 10 

**  Unidentified  line  -  corresponds  to  strongest,  reflection 
from  SiOs  (cristobalite) 

*  Reflections  from  base  motul  have  been  omitted 
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WEIGHT  % 


temperature  and  displays  a  lattice  contraction  to  the  theoretical  value 
at  2000°F.  X-ray  diffraction  results  of  spalled  wide  products  and 
protrusions  formed  at  2000°F  indicate  that  CrsO^  is  overgrown  with 
MnCraO}  spinel  but  is  still  present  in  significant  quantities.  This  is 
also  evident  from  the  mioroBtructures  (see  Figures  30  and  31)  where  the 
darker  outer  scale  product  is  MnCra04.  X-ray  diffraction  of  electrolyti- 
cally  stripped  oxides  from  specimens  oxidized  at  2000°F  indicated  trace 
quantities  of  SiQj  (cristobalite) .  This  phase  is  amorphous  at  lower 
temperatures  and  therefore  not  detectable  by  X-ray.  The  microprobe  analysis 
corroborates  the  X-ray  data  and  indicates  the  following  additional  features: 

(a)  The  spinel  phase  is  MnCra04  (24  w/o  Mn  and  46  w/o  Cr)  and  overgrows 
the  CraOa  phase  which  contains  65  w/o  Cr. 

(b)  SiOj  with  trace  quantities  nf  MnxOy  are  the  primary  internal  oxides 
present.  Tho  stoichiometry  of  the  Mnx0y  could  not  be  ascertained. 

(c)  The  expansion  of  the  Cra03  lattice  parameter  at  tho  lower  temperatures 
is  due  to  the  solubility  of  Mn  and  not  Mo  or  Fe  since  the  concentrations 
of  these  elements  in  the  scale  are  negligible. 

(d)  At  1600-1800°F  there  is  an  increase  in  the  concentration  of  Fo  and 
Ni  Just  below  the  oxide  scale.  At  2Q00°F  however,  both  Ni  and  Fo 
display  some  solubility  in  the  oxide  and  may  yield  (Mn ,Ni)Cr0 04  nnd 
(Cr,Fe)0Oa  mixed  oxide  phases. 


A  summary  chart  far  the  reaction  products  formed  on  Reno  Y  iib  a  function  of 
oxidation  time  and  temparaturo  1h  shown  in  Figure  33. 


The  cause  of  anomalous  oxide  protrusions  previously  illustrated  (Figuro  29) 
during  high  (>  1800°F)  temperature  oxidation  of  Reno  Y  (Heat  No.  1)  has  boon 
resolved.  An  X-ray  analysis  of  those  protrusions  indicated  tho  additionnl 
prosenco  of  NiO  and  matrix.  By  referring  to  Figuro  34  and  30(a),  tho 
Hoquenco  of  events  resulting  in  these  protrusions  is  apparent.  At  tho  higher 
temperatures  (Figuro  30(a))  the  Cra03  displays  some  proforonco  for  formation 
in  grain  boundaries.  This  results  in  the  isolation  of  grains,  depletion 
of  chromium  from  the  matrix  through  selective  oxidation, subsoquont  reduction 
in  the  oxidation  resistance  of  tho  remaining  matrix,  and  finally  tho  forma¬ 
tion  of  NiO  at  a  uignif leant ly  faster  rate  which  promotos  tho  "ballooning" 
oi’fect  indicated  in  Figuro  34.  The  i'uct  that  this  phonomcnon  is  not 
observed  for  Hout  No.  2  must  be  rolutod  to  subtle  diJ’foroncos  in  processing 
(grain  sizo,  otc.,)  or  the  distribution  of  elomonts  between  tho  two  honts. 


Additional  Information  regarding  tho  oxidation  bohavior  of  this  alloy, 
specifically  tho  role  of  Mn  and  La  additions  will  bo  covarod  In  subsoquont 
sections. 


FIGURE  33  Simplified  Susniary  of  the  Main  Stages  of  Oxidation  for  Rene  Y.  Phases  present  ia  the  numerator 

are  the  scale  constituents,  those  in  the  denominator  are  products  of  internal  oxidation. 


M178I 


(a)  400  Hrs/2000°F  Early  Stag«  of  Growth  Whore  Coherence  With 
Surface  Oxide  is  Maintained.  (Q00X) 


(b)  400  Hrs/2000®  V  Latter  Static  of  Growth  UlNjil  ay  l  ut;  Lack  of 
Adherence,  (200X) 

FIGURE  34  Luttor  SIuhcs  of  Growth  of  I'mt. rut;  I ons  rnu; « I  oil  Hem;  Y 

UuriiiK  Oxidation.  Mounted  on  3;  1  Tniier  Sect  loan.  tliii'l.ched 


4.2.4  SM-200  Oxidation 


The  oxidation  reactions  of  this  alloy  are  more  complex  than  tho  previously 
discussed  Rene  Y.  This  complexity  can  be  attributed  to: 

(a)  Reactive  element  activities  which  are  highly  sensitive  to  temperature 
yielding  internal  and  external  oxidation  which  does  not  vary  in  a 
simple  manner  with  temperature. 

(b)  A  heterogeneous  oxide  scale  which  results  in  oxide  spalling  and 
difficulty  indetermining  the  extent  of  oxidation  and  oxide  morphology. 


In  general,  the  scaling  and  subsoaling  processes  which  occur  during  normal 
oxposure  compote  for  the  solute  elements.  If  the  solute  activity  is  low 
and  if  it  is  much  less  noble  than  tho  major  surface  oxide  constituent, 
internal  oxidation  or  grain  boundary  oxidation  will  result.  If,  however, 
the  activity  is  sufficiently  altered  by  an  increased  concentration  of  solute 
(as  by  enhanced  diffusion)  this  will  result  in  oxidation  of  the  reactive 
element  as  a  part  of  tho  surface  scale.  The  critical  nature  of  this  com¬ 
petition  is  well  demonstrated  by  the  microstructures  of  oxidized  SM-200, 
shown  in  Figure  35.  Aside  from  illustrating  the  general  morphology  of  tho 
oxidation  products  and  associated  Interaction  with  the  base  rotal,  the 
soquonce  displays  the  fine  balance  between  surface  oxide  and  internal  oxide 
formation.  After  100  and  400  hours  at  1600,’F(  (Figure  35(a))  the  classical 
type  salt  and  pepper  1.0.  (probably  AljO,)  is  formed.  After  1000  hours  (Figure 
35(b))  at  temperature,  the  1.0.  is  still  present  but  agglomeration  has  occurred 
which  essentially  produces  a  continuous  internal  scale  of  A^Og,  minimizing 
the  formation  of  additional  1,0.  by  providing  a  stable  diffusion  barrier. 

After  an  exposure  of  100  hours  at  1800°F  (Figure  35(c)),  only  remnants  of 
1.0.  are  observed  and  finally  at  2000°F  no  1.0.  is  noted.  At  1800°F  and  above, 
the  enhanced  diffusion  rate, or  perhaps  the  dissociation  of  y' ,  increases  the 
effective  concentration  of  aluminum  at  the  motal/scale  interfaco  making 
its  incorporation  into  the  scale  more  favorable.  The  fact  that  traces  of 
1.0.  arc  observed  at  1800°F  may  reflect  inhomogenoit ios  in  the  alloy,  but 
clearly  indicates  tho  close  balance  which  exists  between  scale  and  subscale 
formation.  It  should  bo  pointed  out  that  in  theory  once  oxygen  and  solute 
element  concentration  gradients  are  produced  within  the  alloy  which  satisfy 
the  conditions  required  for  internal  oxidation  at  a  specific  temperature, 
the  internal  oxide  precipitation  will  continue  to  form  regardless  of  the 
oxposure  timo'13^.  The  practi-nl  exception  to  this  rule  is  illustrated  in 
Figure  35(b)  where  inhomogeneities  in  the  alloy  in  the  form  of  primary  y' 
particles  caused  the  apparent  cessation  of  1.0.  The  converse  to  the  above 
statement  does  not  necessarily  hold.  That  is,  continued  oxidation  at  a 
specific  temperature  where  I.C.  is  not  initially  formed  may  yield  conditions 
conducive  to  its  formation  due  to  compositional  changes  which  occur  in  the 
subscale  region. 
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M4602 

(a)  400  Hrs/1600"F  Note  Classical 
Salt  and  Pepper  Type  1.0. 


M4601 

(b)  1000  Hrs/1600°F  Note  Cessation 
Of  l.O.  Penetration  by  a  Front  of 
Agglomerated  1.0, 


r 'A 4  ' .  •!  v  i;/v 

fer 

."n'  : 

-  - ./  •vV'i'.  v  >- 


M40OO 

(o)  100  Hrs/1800°F  Note  Only  Remnants 
Of  1.0.  at  This  Temperature. 


M3947 

(d)  100  Hrs/2000°F  Note  Multi-Phuse 
Scale  and  Isolated  Regions  of  1.0. 

From  l.G.A. 


FIGURE  35  Typical  Scale  and  Subscale  Morphology  Produced  in  SM-200  Oxidized 
For  Various  Times  and  Temperatures  in  Static  Air.  Mounted  on 
5:1  Taper  Sections.  Etched  in  2%  Chromic  (25CX) . 


The  measurements  of  the  extent  of  reaction  for  this  alloy  are  presented 
in  Table  XV.  As  indicated  by  the  weight-change  data,  the  alloy  was  subject 
to  spalling  during  cooling  from  1800°P  and  above.  The  extent  of  this 
spalling  may  at  first  appear  great  so  it  should  bo  emphasized  that  the 
weight  of  the  spalled  products  includes  not  only  the  oxygen  gained  to 
form  the  oxide  but  also  tho  weight  of  metal  it  combines  with,  whereas 
weight-gain  measurements  with  no  spalling  include  only  the  weight  gain 
due  to  oxygen  pi-kup.  Therefore,  only  about  one-third  of  the  weight  of 
the  spalled  products  can  be  attributed  to  oxygen.  Due  to  the  spalling 
which  occurred,  identification  of  the  original  metal  interface  was  difficult. 
This  in  turn  decreases  the  absolute  accuracy  of  the  1*0.  and  y'  dissolution 
measurements.  An  identification  of  the  reaction  products  is  also  made  dif¬ 
ficult  due  to  oxide  spelling.  This  is  particularly  true  for  the  microprobe 
analysis  where  the  spalled  oxide  is  not  included  in  the  trace.  In  such 
instances  more  reliance  is  placed  upon  X-ray  results  of  spalled  products 
for  an  identification  of  the  oxides  present  at  temperature. 


The  results  of  X-ray  diffraction  studios  conducted  on  this  alloy  are  sum¬ 
marized  in  Table  XVI  while  Tables  XVII,  XVIII,  and  XIX  illustrate  typical 
X-ray  diffraction  patterns  of  spalled  and  electrolytically  stripped  oxide 
products.  Figure  36  presents  the  microprobe  traverse  results  of  specimens 
exposod  for  100  hours  at  1600,  1800,  and  2000°F. 


The  oxidation  of  SM-200  cannot  bo  considered  as  a  progression  of  a  certain 
oxidation  process  with  time  and  temperature  but  rather  entirely  different 
modes  of  oxidation  occur  at  each  temperature  which  then  progress  with  time. 

The  initial  oxide  formed  at  1600°F  is  a  spinel  whose  lattice  dimensions 
suggest  (Ni  ,Co)CrP04 .  Continued  exposure  in  the  thin  film  region  produces 
a  mixed  (Ni  ,Co)  (Al,Cr)a04  type  spinel  with  second  phase  protrusions  of 
TiO^  and  a  tentatively  identified  tungstate  (W03) .  After  100  hours  exposure, 
an  oxide  scale  rich  in  Cra03  with  a  heterogeneous*  distribution  of  NiCrE04 
and  TiOfe  and  an  1.0.  zone  containing  primarily  A1S03  is. observed.  Continued 
exposure  to  1000  hours  does  not  significantly  alter  the  products  but  as 
previously  notod,  does  cause  agglomeration  of  the  1.0.  products.  During 
the  initial  (thirty  minutes)  exposure  at  1800°F  a  surface  scale  is  formed 
containing  a  heterogeneous  mixture  of  NiCrs04  spinel,  (Cr,Al)j03,  NiO,  and 
Ti0a  in  order  of  decreasing  abundance.  Increased  exposure  to  100  hours 
produces  NiCra04  +  NiAla04  duplex  spinol  scalo  with  dispersed  TiOu,  and  an 
1.0.  of  AlgOa.  After  1000  hours  the  notable  addition  of  TIN  and  possibly  a 
tungstate  phase  to  the  subscale  is  observed.  At  2000°F,  the  oxide  scale 
produced  :1b  extremely  heterogeneous, as  evidenced  by  visual  observation 
and  the  phase  analysis.  The  data  of  Table  XVIII  illustrate  the  simultaneous 

♦The  term  "heterogeneous"  used  throughout  this  report  does  not  indicate  oxide  layer 
formation  but  rather  an  oxide  mixture. 
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X-RAY  IDENTIFICATION  OF  REACTION  PRODUCTS  FOR  SH-200  EXPOSED  IN  STATIC  AIR 
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TABUS  XVII 


TYPICAL  X-RAY  PATTERN  OF  PRODUCTS  ELECT ROLYT ICALLY  STRIPPED 
FROM  SM-200  AFTER  1000/1 BOO 8 F  IN  STATIC  AIR 
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(a)  Most  probably  NiAlgO* 
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TABLE  XVIII 

TYPICAL  X-RAY  PATTERN  OF  SPALLED  OXIDE  FROM 
SM-200  AFTER  100  HQURS/2000eF 


h,  k,  1 
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S  ■*  strong;  M  =  medium;  W  =  weak;  V-  very 
*  Unidentified  phose  probably  n  tungstate 

(a) 

Most  probably  NiCra04 

(b) 

Moat  probably  NiAlaO* 
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TABLE  XIX 


TYPICAL  X-RAY  PATTERN  OF  PRODUCTS  ELECTROLYTICALLY  STRIPPED 


FROM 

SM-200 

AFTER  100  HOURS/20000 F 

IN  STATIC  AIR 
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FIGURE  36  Microprobe  Traverse  Results  for  SM-200  (Heat  No.  1)  Static 
Oxidation  Tost  Specimotis 
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identification  of  NiCr804  and  NIAIqO^  spinel  phases  as  part  of  the  spalled 
products.  Since  those  two  phases  aro  mutually  soluble,  their  separate 
identification  indicates  that  the  oxides  form  on  different  areas  of  the 
specimens,  This  would  reflect  local  inhomogeneities  within  the  material. 
These  inhomogeneities  when  combined  with  the  heterogeneous  nature  of  the 
scales  formed  makes  identification  of  the  exact  oxide  position  within  the 
scale  difficult.  The  majority  of  data  indicate  that  after  100  hours 
exposure  at  2000°F  the  NiCr804  spinel  and  the  Ti  containing  oxide 
(TiC\j  or  NiTiOtj)  spall  leaving  an  oxide  rich  in  NiALj04,  a-Al^Og  and  an 
unidentified  tungsten  rich  phase.  Increased  exposure  time  to  1000  hours 
results  in  the  exfoliation  of  almost  all  the  oxide  phases  produced  leaving 
primarily  of-AlgOjj  and  some  NiAl804.  Referring  to  the  microprobe  analysis 
(Figure  38)  the  tendency  toward  A1  base  oxide  formation  with  increasing 
temperature  is  quite  pronounced.  Supplementary  to  this  is  the  apparent 
decrease  in  the  extent  of  Cr  depletion  and  an  increase  in  W  content 
beneath  the  oxide  scale.  These  latter  two  effects  suggest  that  W  provides 
a  "diffusion  barrier"  to  Cr. 


A  simplified  phenomenological  summary  of  the  prime  reaction  products  formed 
during  oxidation  of  this  alloy  is  illustrated  in  Figure  37. 


4.2.5  IN- 100  Oxidation 

Microstructures  depicting  the  morphology  of  the  oxidation  reaction  for  this 
alloy  at  the  various  timos  and  temperatures  are  presented  in  Figure  38,  while 
measurements  showing  the  oxtent  of  reaction  aro  given  in  Table  XX.  As 
described  for  SM-200  this  alloy  also  exhibits  a  heterogeneous  oxide  scale 
which  promotes  spalling  uftor  testing  for  1000  hours  at  1600°F  and  above 
but  shows  essentially  no  1.0.  and  considerably  deeper  I. 0.0.  than  SM-200.  The 
heavy  spalling  exhibited  by  IN-100  made  the  microstructural  characterization 
difficult.  A  summary  of  the  microstructural  features  observed  for  this  alloy 
is  givon  below: 

(a)  The  variutlon  between  heats  is  not  considered  significant. 

(b)  The  onsot  of  spalling  occurs  at  a  lower  temperature  than  SM-200,  but 
the  amount  of  oxide  spalled  at  any  timo/tomperature  is  less. 

(c)  Although  the  oxide  scale  of  IN-100  is  twice  the  thickness  of 

Reno  Y  the  gross  1.0.0.  penetration  is  of  the  same  magnitude.  However, 
there  aro  isolated  regions  whore  the  massive  I.G.O,  exhibited  for  IN-100 
is  more  than  twice  the  depth  exhibited  by  Rene  Y  and  at  least  five 
times  greater  than  SM-200.  For  this  reason  both  the  gross  and  muxi- 
mum  depth  of  1,0.0.  have  been  reported. 


TABLE  XX 

STATIC  OXIDATION  METALLOCRAPHIC  RESULTS  FOR  IK-lOO 
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(c)  Vertical  sections  used  with  accuracy  of  +  0.5  mil. 


(d)  The  microstructures  are  notably  free  from  the  classical  type  1.0. 
which  was  observed  for  the  other  nickel-base  alloys  during  some 
stage  of  the  oxidation  process. 


The  results  of  the  microprobe  traverses  through  the  oxide  are  summarized 
in  Figure  39.  Of  interest  is  the  high  nickel,  titanium,  and  aluminum  con¬ 
centrations  in  the  scale  and  the  correspondingly  low  chromium  content.  The 
X-ray  results  are  summarized  in  Table  XXI  while  Table  XXII  illustrates  the 
X-ray  pattern  of  a  synthesized  NiTiQ,  perovskite-type  oxide  used  for  a  more 
precise  oxide  Identification.  TableB  XXIII  and  XXIV  present  actual  diffraction 
patterns  obtained  from  spalled  and  scraped  oxide  specimens.  All  of  this 
analysis  when  combined  with  observations  of  the  general  microstructural 
appearance  yields  a  relatively  complete  characterization  of  IN- 100  oxidation 
aB  follows: 

Thin  film  studies  at  1600°F  (see  Section  4.2.1)  vividly  displayed  the 
multi-phase  oxide  formed  during  short-time  exposures.  The  copious  amount 
of  TiC^  which  initially  forms  within  the  (Ni,Co)0  base  oxide  appears  to 
have  significant  bearing  on  the  relatively  poor  oxidation  resistance  of 
this  alloy.  After  100  hours  at  1600°F  the  prime  surface  oxide  remained 
cubic  (Ni,Co)0  containing  approximately  20%  Co  (as  verified  by  the  increased 
NiO  lattice  parameter  and  microprobe  results)  but  considerable  "perovskite" 
NiTiOa  and  NiCra04  typo  spinel  phases  were  also  detected.  The  subscale  con¬ 
tained  small  amounts  of  Ala03  and  TiO^ .  Increased  exposure  at  1800°F  to 
1000  hours  produced  little  change  in  the  oxides  present,  however,  the  NiCra04 
and  NiTiOa  overgrowths  became  separated  from  the  subscale  by  a  relatively 
continuous  string  of  voids.  The  formation  of  an  acicular  precipitate, 
previously  identified  as  TiN  was  also  observed.  Oxidation  behavior  at 
1800°F  was  generally  characterized  by  a  decrease  in  the  abundance  of  NiO 
which  no  doubt  combined  to  form  the  more  predominant  compound  oxides 
NiCra04  and  NiTi03.  The  subscale  oxide  still  contained  AlgOa  and  TiQg . 
Increased  exposure  ut  1800°F  produced  considerable  oxide  spalling.  An 
analysis  of  the  spalled  products  indicated  primarily  NiCra04  spinel  and 
NiTiOg  and  trace  quantities  of  NiO.  This  implies  that  spalling  occurs  at 
the  interface  between  the  NiCra04/NiTi03  and  the  AlgO3/Ti0^  subBcale. 

Therefore,  under  cyclic  operation  where  spalling  may  result,  Ala03  and 
TIG,  would  be  exposed  to  the  environment.  X-ray  analysis  taken  from  the 
surfaces  of  spalled  specimens  also  indicates  the  presence  of  NiTi03.  Since 
TiO^  is  one  of  the  original  phases  formed  and  that  reaction  with  NiO  will 
readily  produce  NiTi03 ,  it  is  suspected  that  the  formation  of  this  phase 
is  responsible  for  the  massive  intergranular  attack  characteristic  of  IN- 100. 
Oxidation  at  2000°F  is  very  complex  and  implies  extremely  heterogeneous 
oxidation.  After  100  to  400  hours  exposure  the  spalled  products  contain 
NiCra04,  NiTiOj,  NiO,  and  trace  quantities  of  a  Ni(Cr,Al)s04,  AljOg,  TiO^  , 
and  NiTi03.  Here  again  spalling  appears  to  occur  between  the  compound 
oxides  (i.e. ,  NiCrs04,  NiTi03)  and  the  simple  subscale  oxides  (i.e.,  A1503 
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TABLE  XXII 

X-RAY  IDENTIFICATION  OF  NlTi03 
ASTM  Card* 


#3-1157 

Synthesized 

hkl 
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1.260 

7 

306 

1.234 

40 

1.229 

4 

218,312 

1.193 

60 

1.193 

6 

2*0-10 

1.169 

60 

1.167 

7 

314 

1.145 

60 

1.142 

8 

226 

1.107 

80 

1.104 

10 

2*1*10,300 

1.060 

80 

1.058 

9 

318,322 

0.903 

60 

- 

- 

1*0* 14,324 

0.963 

100 

0.960 

10 

410 

0.954 

60 

0.951 

6 

0.900 

8 

0.879 

9 

0.845 

8 

0.838 

5 

0.809 

5 

0.801 

4 

*  Indexed  aa  hexugonal  (rhom.  div.)  S.G.  (Si  R3 
ao  5 . 448 ,  a  =  55°  0" 


04 


‘i 

\ 

j 

j 

! 


I 


arMik>i'ujn-v.a»j 


\ 


TABLE  XXIII 

TYPICAL  X-RAY  PATTERN  OF  SPALLED  OXIDES  FROM 
IN-100  AFTER  1000  HOURS /2000°F  IN  STATIC  AIR 


d  (A) 

I/Io 

Spinel<a> 

cublo 

(aoaS.OsA) 

Spinel^J 

cubic 

(a0«8.29A) 

NiTi03 

Rhom 

Q'-AlgOa 

Trigonal 

TiOa 

Tetragonal 

4.70 

VW 

111 

111 

3.68 

ww 

- 

- 

102 

- 

- 

3.45 

ww 

- 

- 

- 

012 

- 

*3.38 

ww 

- 

- 

- 

- 

- 

3.22 

VW 

- 

- 

- 

- 

110 

2.91 

VW 

- 

220 

- 

- 

- 

2.85 

w 

220 

- 

- 

- 

- 

2.69 

w 

- 

- 

104 

- 

- 

2.50 

w 

- 

- 

110 

104 

- 

2.48 

w 

- 

311 

- 

- 

101 

2.43 

s 

an 

- 

- 

- 

- 

2.20 

VW 

- 

- 

113 

- 

- 

2.19 

ww 

- 

- 

- 

- 

Ill 

2.08 

ww 

- 

- 

- 

113 

- 

2.06 

ww 

- 

400 

- 

- 

- 

2.02 

M 

400 

- 

- 

- 

- 

1.84 

vw 

- 

- 

204 

- 

- 

1.74 

ww 

- 

- 

- 

024 

- 

1.695 

w 

- 

422 

116 

- 

- 

1.685 

vw 

- 

- 

- 

- 

211 

1.650 

ww 

422 

- 

- 

- 

- 

*1.620 

vw 

- 

- 

- 

- 

- 

1.600 

vw 

- 

511 

212 

116 

- 

*1,58.1 

vw 

- 

- 

- 

- 

~ 

1.555 

w 

511 

- 

- 

- 

- 

1.485 

vw 

- 

- 

214 

- 

- 

1.465 

vw 

- 

440 

- 

- 

- 

1.450 

w 

- 

- 

300 

- 

- 

1.430 

M 

440 

- 

- 

- 

- 

1.400 

ww 

- 

- 

- 

124 

- 

1.372 

ww 

- 

- 

~ 

030 

1.359 

ww 

531 

- 

208 

- 

301 

*1.345 

ww 

- 

- 

- 

- 

- 

1.312 

ww 

- 

620 

1*0' 10 

- 

1.278 

ww 

620 

533 

- 

- 

- 

S  *  strong;  M  =»  medium;  W  =  weak;  V  =  very 
*  Unknown  3 ines 

^  Most  probably  NiAlaO* 

^  Most  probably  NiCrgO* 
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TABLE  XXIV 


TYPICAL  X-RAY  PATTERN  OF  OXIDE  SCRAPPED  FROM 


IN 

-100 

AFTER  1000  H0URS/20000  F 

IN  STATIC 

AIR 

h  k  1 

d(A) 

I/ln 

Spinel 

cubic 

(ao-8.001) 

TiOfl 

Tetragonal 
(a0  =4 . 59l) 
(co=.2.07  k) 

cv-AljjOa 

Trigonal 

NiTiO; 

Rhom 

4.69 

w 

111 

3.40 

vw 

- 

- 

012 

- 

3.23 

M 

- 

110 

- 

- 

« .  88 

M 

220 

- 

- 

2.70 

M 

- 

- 

- 

104 

2 , 54 

VW 

- 

- 

104 

110 

2.40 

VW 

- 

101 

- 

110 

2.43 

s 

311 

- 

- 

2.10 

vw 

- 

Ill 

- 

113 

2.08 

vw 

- 

- 

113 

- 

2.02 

M 

400 

- 

_ 

1.84 

VW 

331 

- 

- 

204 

1.74 

VW 

- 

- 

024 

1.69 

M 

- 

211 

- 

116 

1.65 

VW 

422 

- 

- 

- 

1.62 

vw 

- 

220 

_ 

1.60 

W 

- 

- 

116 

- 

1.55 

M 

511 

- 

- 

108 

1.485 

vw 

- 

002 

- 

214 

1.450 

vw 

- 

310 

- 

300 

1.430 

M 

440 

- 

.. 

_ 

1.365 

VW 

531 

- 

030 

1.235 

w 

533 

- 

1-0' 10 

_ 

1.170 

w 

- 

321 

.* 

1.080 

vw 

642 

- 

- 

- 

1.054 

w 

731 

1.014 

vw 

800 

- 

0.935 

vw 

- 

_ 

0.826 

vw 

844 

“ 

- 

- 

S  *  strong;  M  =  medium;  W 

(a) 

Most  probably  NiAlgO* 

=  weak;  V 

=  very 

I 
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TlCjg ) As  indicated  previously  for  SM-200,  the  simultaneous  identification 
of  Ni-Cr  and  Ni-Ai  spinel  oxides  indicates  the  existence  of  local  alloy 
inhomogeneities.  During  the  1000  hour  exposure,  massive  protrusions  also 
became  apparent  on  the  specimen  surfaoe.  An  X-ray  analysis  of  these 
"pocks"  Indicated  the  presence  of  Ni(Al,Cr)B04 ,  TiQj ,  NiTiOj,  and  o-AlgOg. 
Metal lographio  evidenoe  exists  which  associates  these  "pocks"  with  the 
deep  intergranular  penetration  of  oxide  into  the  parent  metal.  The  high 
T1  content  of  these  oxides  is  noteworthy. 


A  summary  of  the  reaction  products  formed  on  IN- 100  as  a  function  of  time 
and  temperature  is  presented  in  Figure  40.  It  should  again  be  emphasized 
that  these  products  represent  those  expected  while  at  temperature. 


4.2.0  Inco  713C  Oxidation 

The  microstructures  of  representative  oxidation  specimens  of  Inoo  713C 
exposed  at  various  times  and  temperatures  are  illustrated  in  Figure  41. 

The  accompanying  miorostructural  measurements  are  summarized  in  Table  XXV. 


This  alloy  exhibits  the  same  general  features  as  the  other  cast  alloys, 
namely,  oxide  spalling  and  heterogeneous  oxidation.  Some  speoiflo  features 
observed  during  tho  evaluation  are 

(a)  The  hoat-to-heat  variation  is  negligible. 

(b)  Although  tho  total  weight  gain  is  notably  less  for  this  alloy 

as  compared  to  SM-200  and  IN- 100,  the  oxide  phase  coherency  also 
appears  to  be  less  since  spalling  occurs  after  a  much  lower  total 
weight  gain. 

(c)  The  type  of  scale  formed  and  tho  extent  of  internal  attack  is  more 
similar  to  SM-200  than  IN- 100  although  the  internal  oxidation  typified 
by  the  low-temperature  oxidation  of  SM-200  was  not  observed  (Figure 
41(a)),  Tho  type  of  internal  oxidation  produced  was  more  typical 

of  I. 0.0.  which  Is  distorted  by  the  taper  mounting  procedures  employed 
(Figure  41(c)). 

(d)  The  Interactions  between  oxideB  and/or  metal  inhomogeneities 
produced  a  heterogeneous  surface  scale  as  shown  in  Figure  41(b)  where 
the  subscale  is  illustrated  protruding  through  the  original  surface 
oxide  scale. 


The  results  of  the  X-ray  diffraction  studies  for  Inco  713C  are  summarized 
in  Table  XXVI,  while  Tables  XXVII  and  XXVIII  represent  typical  X-ray  dif¬ 
fraction  patterns  obtained  from  spalled  and  eleotrolytioally  stripped 
oxide  specimens.  The  quality  of  the  X-ray  diffractometer  patterns  obtained 
for  this  material  was  not  always  considered  optimum.  The  large  grain  elze 
of  the  starting  material  and  the  associated  anisotropy  of  film  growth 

yielded  results  difficult  to  interpret.  This  was  particularly  true  for 
specimens  oxidized  at  1600°F. 
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FIGURE  40  simplified  Summary  of  the  ICain  Stages  of  Oxidation  for  IK— 100.  Biases  present  in  the 
numerator  are  scale  constituents;  those  in  the  denominator  are  subscale  products. 


M4713 


(a)  100  Hra/ieOO*F  Note  Relatively 
Thin  Oxide  Seale. 


M4604 


(b)  100  Hra/1800*F  Note  Subaeale 
Protruding  through  Original  Oxide 
Soale. 


M4716 

(c)  1000  Hra/1800*F  Note  Irregular 
Oxide  Soale. 


M3081 

(d)  1000/2000#F  Note  Multi-Phaae 
Oxide  and  Coarsened  y ' , 


FIGURE  41  Typical  Soale  and  Subaeale  Morphology  Produced  in  INCO  7l3C 
Oxidised  for  100  Houra  in  Statle  Air,  Mounted  on  0:1  Tapora, 
Etched  with  2%  Chromic  (200X), 
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STATIC  OXIDATION  METALLOC3UPHIC  RESULTS  FOR  INCO  713C  <aXb) 
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TABLE  XXVII 


TABLE  XXVIII 


TYPICAL  X-RAY  PATTERN  OF  PRODUCTS  ELECTROLYT I CA LLY  STRIPPED 
FROM  INCO  713C  AFTER  100  HOURS/2000°F  IN  STATIC  AIR 


_ hkl 

Spinel{a) 


d  (A) 

a-AlaOa 

Cubic 

TiOa 

TiN 

ms. 

Trigonal 

o 

CO 

H 

O 

m 

•W 
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M 
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3.50 

M 

012 

- 
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3.27 
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- 
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1 
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s 
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f 
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- 
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- 
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VW 

202 

- 

- 

- 

1.74 

M 

024 

- 

- 
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M 

- 

- 
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1.85 

vw 

- 
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- 

- 

1 

t 

1 

1.63 

VW 

- 

- 
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- 

1.00 

s 

116 

- 

- 

- 

1 

I 

1.56 

W 

- 
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- 

- 

1.51 

w 
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- 

- 

- 
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1.465 
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- 

- 
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- 
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1.431 
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- 
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M 
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- 

- 

- 
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S 
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531 

- 
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1.310 

VW 

- 

- 
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1.23C 

M 

1-0’ 10 
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- 
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- 

- 
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1.125 

vw 

- 
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- 

- 
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w 

134 

- 

- 

- 

1.055  VW  226 

*  Unidentified 

Most  probably  NiAl80* 
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The  microprobe  analysis  data  which  is  summarized  in  Figure  42  when  combined 
with  the  x-ray  phase  analysis  and  general  microstructureB  indicate  the 
following  oxidation  behavior  for  this  alloy. 

As  indicated  in  section  4.2.1,  short-time  exposures  at  1600*F  produce  NiO 
with  Ni(Cr,Al)aOi  overgrowths.  Increasing  the  exposure  to  100  hours  yields 
a  surface  scale  containing  mixed  o?-<3ra03  and  NiCra04  spinel  oxide  and  an 
aluminum-rich  subscale  (probably  Ala0a).  After  an  exposure  of  1000  hours 
little  change  occurs.  At  1800*F  the  (Al,Cr)a03  subscale  protrudes  through 
the  original  NiCra04  oxide  in  isolated  regions  see  Figure  41(b)  which 
induces  spalling.  After  1000  hours  a  heterogeneous  scale  Is  produced 
containing  NiCra04,  oc-Ala03  and  an  unknown  phase*.  Since  the  alloy  contains 
considerable  Cb,  oxides  containing  this  element  were  suspect.  A  microprobe 
analysis  was  performed  but  no  increase  in  Cb  was  detected  in  the  oxide. 
Exposure  for  100  hours  at  2000*F  produced  spalling  between  the  Ni-Cr  rich 
(NlCra04)  and  the  A1  containing  oxides  (Ala03  and  NiAla04) .  Continued 
exposure  produces  increased  amounts  of  o-Ala03 ,  NiAla04  and  internal  oxides 
of  Cra03  ,  TiC^j  and  TIN.  Although  this  alloy  contains  less  than  lw/o  Ti, 
an  analysis  of  oxide  protrusions  formed  after  1000  hours  indicated  sufficient 
TiO^,  for  detection  (>  10v/o) . 

Referring  to  the  mieroprobc  analysis  of  this  alloy  (Figure  42)  three  features 
are  noteworthy: 

(a)  increased  A1  in  the  scale  with  increasing  temperature. 

(b)  the  elimination  of  suboxide  Cr  depletion  at  2000*F.  In  fact,  there  are 
indications  of  Cra03  Internal  oxido  formation. 

(c)  the  absence  of  Mo  in  the  oxide  and  the  obvious  concentration  buildup 
below  the  oxide  scale. 

A  summary  of  the  main  stages  of  oxidation  for  this  alloy  as  a  function  of 
time  and  temperature  are  given  in  Figure  43, 


4.2.7  U-700  and  Rene  4J  Oxidation 

A  thorough  evaluation  of  the  scale  and  subscale  processes  and  their  rates  of 
formation  have  previously  been  determined  for  U-700  and  Rene  41^3*. 

Therefore,  these  studies  were  conducted  to  determine  some  of  the  features  of 
their  oxidatton  behavior  to  establish  abase  line  for  other  studies  which  were 
performed.  Of  prime  interest  are  the  general  microstructures  and  oxidation 
measurements  for  later  comparison  with  flame  tunnel  and  surface  preparation 
test  specimens. 
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Its  for  Inco  713C  (Heat  Ho.  1)  Stati 


FIGURE  43  Simplified  Summary  of  the  Main  Stages  of  Oxidation,  for  Inco  713C.  Hiases  present  in  the 
numerator  are  scale  constituents;  those  in  the  denominator  are  subscale  products. 


Figure  44  shows  the  typical  oxide  morphology  and  Table  XXIX  summarizes  the 
metaUographie  measurements  for  U-700.  This  sequence  of  microstructures 
depicts  the  marked  influence  of  less  noble  element  activities  on  the  subeoale 
morphology  and  the  subsequent  oxidation  behavior.  A  microprobe  analysis 
taken  from  the  same  specimens  is  illustrated  in  Figure  45  and  showB  the 
respective  compositional  changes  that  occur  in  the  oxide  film.  At  1600°?  the 
scale  is  primarily  CraOa,  NiCrs04  with  trace  quantities  of  TiOjj  or  NiT103 . 

The  internal  oxide  consists  of  a  fine  dispersion  of  Ala03.  The  activity 
of  the  A1  in  solution  is  thus  considered  relatively  low  as  compared  to 
Cr.  At  1800*F  the  scale  still  contains  Cr-and  Ti-base  oxides  but  the  activity 
of  A1  has  increased  considerably.  This  latter  effect  is  evidenced  by  the 
shallowness  of  the  internal  oxide  penetration  and  the  agglomeration  of 
AlaOa  along  sub-grain  boundaries.  Since  internal  oxidation  is  controlled 
by  both  cation  and  anion  diffusion,  this  1.0.  thickening  implies  accelerated 
Al  diffusion  at  this  temperature.  At  2000*F  the  activity  of  A1  has  increased 
to  the  point  where  scale  formation  is  thermodynamically  favored.  The 
microprobe  analysis  clearly  indicates  the  formation  of  a  dense  AlaOa  subscale. 
The  fact  that  there  is  no  Cr  depletion  in  the  eubscale  region  is  further 
evidence  that  Cr-base  oxide  formation  is  no  longer  favored,  The  absence 
of  internal  oxides  at  this  temperaturo  is  not  unusual  since  the  subsoale  oxide 
contains  the  least  noble  constituent  in  the  alloy  and  there  are  no  elements 
available  which  will  reduce  Ala03  at  the  scale/metal  interface  to  form 
internal  oxides,  The  increased  aluminum  activity  observed  with  increasing 
temperature  is  considered  a  result  of  y'  dissolution  as  indicated  by  the 
measurements  in  Table  XXIX.  Hence  at  1800*F  sufficient  y'  dissolution 
occurs  to  produce  a  relatively  dense  1.0.  network.  It  should  be  emphasized 
that  the  sequence  of  microstructures  shown  in  Figure  44  is  not  to  be 
alternately  considered  representative  of  the  progressive  oxidation  at  any 
one  temperature.  Each  of  the  structures  shown  1b  representative  of  that 
temperature  and  increased  test  time  influences  only  the  magnitude  of  the  re¬ 
actions  indicated. 


The  typical  scale  and  subscale  reactions  for  Rene  41  after  various  time- 
temperature  exposures  are  shown  in  Figure  46.  The  corresponding  metallographic 
measurements  are  presented  in  Table  XXX  and  the  resultB  of  the  microprobe 
analysis  are  summarized  in  Figure  47.  The  extent  of  internal  oxidation 
displayed  by  this  alloy  is  greater  than  any  of  the  other  alloys  evaluated. 

In  contrast  to  U-700.  behavior,  the  type  of  internal  oxidation  observed  is 
independent  of  temperature.  However,  this  behavior  may  also  be  explained 
by  considering  the  thermodynamics  of  the  system.  Constitutionally  Rene  41 
contains  more  Cr,  one  third  the  Al  and  the  same  Ti  content  as  U-700.  It  is 
the  activity  balance  between  Cr  and  Al  which  dictates  the  nature  of  the 
oxidation  process.  Hence  .although  y'  dissolution  also  occurs  in  this  alloy 
the  aluminum  activity  never  surpasses  the  large  Cr  activity  and  a  Cra03 
oxide  scale  and  an  AlaOa  internal  oxidation  zone  prevails  at  all  temperatures 
and  times.  In  fact,  it  is  this  moderate  concentration  of  the  less  noble 
aluminum  that  causes  the  excessive  internal  oxidation,  since  Cra03  w. 11  always 
dissociate  at  the  oxide/metal  interface  providing  0~  for  the  formation  of  a 
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FIGURE  40  Mioroproba  Traverse  Raaulta  for  U-700  Static  Oxidation  Teat  Speclmona 
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(a)  1000  Hr/1600°P 

2B0X 


M-263B 


(b)  1000  Hr/1800°F 

250X 


M-2820 


(c)  100  Hr/2000°F 
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M-2627 


(d)  1000  Hr/2 000 °F 

100X 


M-4012 


FIGURE  46  Typical  Scale  und  Subaoale  Morphology  for  Rene  41  Oxidized  for 

Varioua  Timea  and  Temperaturea  in  Static  Air.  Etched  in  2%  Chromic 
Mounted  on  5:1  Taper  Section. 
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FIGURE  47  Mloroprobe  Traverse  Results  for  Rani 


41  Static  Oxidation  Teat  Specimens 


more  stable  A^Oj  oxide.  Tbe  morphology  of  the  Internal  oxidee  does  imply 
control  by  A1  diffusion  ae  discussed  in  the  following  section. 

4.3.8  Internal  Oxidation  Kinetics  for  Rene  Y  and  Rene  41 


The  two  sheet  alloys  Rone  Y  and  RentS  41  wore  the  only  ulloys  studied  which 
exhibited  a  continuous  internal  oxidation  zone  over  the  time  and  temperature 
range  of  oxidation  studied.  If  the  formation  of  these  internal  products  is 
diffusion  controlled,  the  advance  of  the  internal  oxidation  front  should 
follow  parabolic  kinetics  defined  by  the  following  equation: 

2Kt  +  C  (1) 

Whore  If  ■  depth  of  I.O,  or  1,0.0,  from  metal  oxide 
interface  in  mils/side(assumes  metal/oxide 
interface  equals  original  metal  surfaoo  and 
interface  movement  «Jf  ) 

K  «  parabolic  rate  constant  (mils8 /hr) 
t  ■  time  in  hours 
C  a  constant 

The  parabolic  nature  of  the  process  is  demonstrated  for  theso  alloys  by  the 
linear  relation  between  1$  8  versus  t  shown  in  Figures  48  and  49.  The 
resultant  rate  constants  (K)  calculated  from  the  slopes  of  these  curves  are 
tabulated  below: 


Rato  Constant  "K"  (Mil8 /Hr) 


Temp 

°F 

Reno 

41 

Rone 

Y 

1000 

9.49  X 

icr4 

1.99  X 

icr4 

1800 

2.41  X 

lor3 

4.80  X 

ior4 

2000 

1.92  X 

i<rs 

1.37  X 

icr3 

The  relation  between  "K"  and  tomporaturo  is  given  by  the 
general  rate  equation: 

K  «jA  exp  (2) 

A  plot  of  log  K  versus  1/T  yields  a  straight  line  illustrated  in  Figure  SO, 
the  slope  of  which  represen  i  tho  activation  onergy  for  the  process.  0y 
combining  aquations  (1)  and  (2)  empirical  equations  may  be  derived  representing 
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(INTERNAL  OXIDATION- mi^/SNfe2 


INTERNAL  OXIDATION  RATE  CONSTANT  [(mils/side}2/hr] 


MGURE  50  Arrhenius  Plot  of  the  Rate  Constants  for  the  Internal  Oxidation 
of  Rene  Y  and  Rone  41, 
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the  depth  of  internal  oxidation  as  a  function  of  time  and  temperature: 


,  £  -  _  K  /"47 , 000  “N  - 

For  Rene  41  O  8  *  [8.91  X  10B  exp  -  ; —  j  ]t  +  0.30 

For  Reno  Y  £a  =  [8.32  exp  -  ]t  +  0.20 

These  equations  are  considered  valid  between  1600  and  2000°F  for  50-1000 
hours  wi:h  an  accuracy  of  ±  0.25  mil/side. 


It  can  reasonably  be  assumed  that  internal  oxidation  occurs  in  these  alloys 
by  dissociation  of  the  surface  oxide  scale  (Cra0tj  in  both  cases)  at  the 
oxlde/metal  interface.  Further,  assuming  that  the  oxide/metal  interface 
is  stationary  («§),  the  partial  pressure  of  oxygen  above  the  internal 
oxide  region  is  maintained  at  the  dissociation  pressure  of  the  lowest  oxide 
of  the  base  metal  and  the  problem  could  bo  reduced  to  one  in  which  the 
surface  oxide  can  be  neglected.  Rapp*10^  has  shown  that  where  oxygen 
diffusion  through  the  matrix  is  much  greater  than  the  cation  diffusion; 


*fa  a  Sp-Ja-E 

S  Nb 


(3) 


Where  No  =  mole  fraction  of  oxygen  at  the  external  surface 
(oxide/metal  interface) 

D0  =  diffusivity  of  oxygen  through  base  metal 

t  a  time 

Ng  -  mole  fraction  of  less  noble  solute  which  forms  IQO 


This  would  suggest  similar  activation  energies  for  both  alloys  since  No 
D0  products  are  nearly  equivalent.  But  the  computed  activation  energies 
for  the  two  alloys  are  considerably  different  indicating  that  in  Rene  41, 
cation(Al+++)  diffusion  may  be  a  governing  factor.  Evans^17^  has  cited 
examples  of  internal  oxide  segregation  at  grain  boundaries  Bimilar  to 
Rene  41.  He  Indicates  that  the  presence  of  minor  constituents  with  a 
great  affinity  for  oxygen  (i.e.,  Al)  will  favor  grain  boundary  penetration 
at  a  parabolic  growth  rate.  The  activation  energy  of  47  K  cal  is  therefore 
considered  to  represent  control  by  Al+++,  not  Or  diffusion.  It  should  be 
pointed  out,  however,  that  the  Al  diffusion  in  the  bulk  metal  is  not  the 
same  as  that  in  the  y '  dissolution  zone  due  to  tho  larger  concentration 
gradient  present  in  the  latter.  The  activation  energy  for  Rene  Y  may  more 
closely  represent  Oa  diffusion  control. 
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4.2.9  Cyollc  Oxidation 


To  better  define  the  extent  of  oxide  spalling  which  might  be  experienced 
during  Jet-engine  operation,  cyclic  oxidation  teats  were  performed. 
Although  these  tosts  were  to  be  conducted  only  on  IN-100  at  2000°F,  the 
practical  importance  of  this  aspect  of  the  oxidation  behavior  warranted 
additional  evaluation.  Therefore,  cyclic  tests  were  conducted  for  400 
hours  on  IN-100  at  1600,  1800,  and  2000°F.  In  addition,  Inco  713C  was 
tested  at  2000°F  and  comparative  teats  were  conducted  on  Rene  Y  and 
Hastalloy  X  at  1800  and  2000°F. 


The  weight  change  results  after  eighteen  22-hour  cycleB  compared  to  similarly 
treated  isothermal  test  specimens  are  shown  in  Table  XXXI.  Thermal  cycling 
promoted  spalling  and  as  a  result  increased  the  rate  of  material  degradation. 
Cycling  promoted  spalling  of  IN- 100  at  1600,  1800,  and  2000°F,  but  was  par¬ 
ticularly  deleterious  to  Inco  713C  where  all  the  oxide  formed  waB  lost. 
Measurements  on  these  two  alloys  after  oyclic  exposure  at  2C00°F  indicated 
9.5  ±  0.5  mils/side  metal  loss.  The  1.0.  and' y '.dissolution  zones  were  similar 
to  the  isothermal  specimens.  In  view  of  the  fact  that  metal  loss  measure¬ 
ments  for  the  isothermal  specimens  were  almost  nil  (within  the  accuracy  of 
measurement)  cyclic  effects  can  markedly  influence  the  load-bearing  capacity 
of  a  material. 


X-ray  identification  of  the  spalled  products  from  both  the  cast  alloys 
showed  only  NiO  and  Ni(Cr ,A1)804,  indicating  that  the  surface  became  enriched 
in  A1  and  Ti  oxides.  The  excessive  spalling,  which  1b  no  doubt  associated 
with  the  heterogeneous  oxide  formation,  may  be  more  directly  related  to 
incoherency  between  Ni-Cr  and  Al-base  oxides.  However,  a  detailed  evaluation 
of  the  cyclic  effect  would  be  required  before  a  more  specific  mechanism  can 
be  defined. 


The  results  of  the  cyclic  tests  performed  on  Rene  Y  (Haatelloy  X  +  La  +  Mn) 
and  Hastelloy  X  clearly  shows  the  improved  scale  adherence  and  oxidation 
resistance  achieved  by  minor  additions  of  lanthanum  and  manganese. 


TABU  XXXI 

CYCLIC  OXIDATION-  WEIGHT  CHANGE  AFTER  400  HOURS  EXPOSURE 


IN-100 


Specimen 

Number 

Weight  Change  (mg/cm3) 

Cyclic 

Spalled  Product 

Temperature 

Isothermal 

Cyolic^0^ 

("W 

(mg/cirf^) 

1600<b^ 

1 

2.94 

+  1.86*  (+  2.13) 

2 

2.87 

+  1.75*  (+  2.77) 

1.80 

1800*b) 

Average 

2.91 

+  1.80*  (+  2.60) 

1 

+1.65+ 

(+1.90) 

-  7.72*  (+  3.25) 

2 

+2.00* 

(+2.06) 

-  8.43*  (+  2.85) 

11.12 

Average 

+1.83* 

t+1 . 98; 

-  b.df*  (+  a.oei> 

2000 

1 

-0.24* 

(+1.85) 

-  4.74*  (+  4.39) 

2 

-0.26* 

(+1.74) 

-  4.26*  (+  4.08) 

8.73 

Average 

-0.25* 

(+1.80) 

-~4.50"*  (+  4.23) 

INCO  713C 

2000 

1 

+0.21* 

(+0,48) 

-21.30*  (+11.70) 

2 

+0.32* 

(+0,58) 

-28.29*  (+12.19) 

36.74 

Average 

+0.27* 

d+0, 52) 

-24.79*  r+11.93) 

Rene 

2 

1800 

1 

+1.21* 

(+1.36) 

+  1,44*  (+  1.40) 

0.02 

2000 

1 

+1.88* 

(+1.98) 

+  1.60*  (+  1.67) 

0.07 

Haat 

X 

1800 

1 

+1,80* 

(+1.86) 

+  0.15*  (+  1.31) 

1.16 

2000 

1 

-0.19* 

(+3.14) 

-  0.15*  (+  3.29) 

3.44 

(a) 

Eighteen  22-Hour  Cycles  to  Room  Temperature 

(b)  Isothermal  data  from  previously  conducted  static  oxidation  tests, 

*  Indicates  spalling  with  value  in  parentheses  the  W/A  of  specimen 
plus  spalled  products. 


4.2.10  Comparison  of  Pan era 1  Oxidation  Behavior 


To  permit  an  evaluation  of  the  gross  oxidation  behavior  of  the  alloys  bar 
charts  have  been  compiled  whioh  oompsre  the  average  extent  of  attack.  Both 
weight  gain  and  internal  oxidation  effects  are  presented  since  neither  by 
itself  provides  a  good  measure  of  oxidation  resistance. 


Figures  51  through  53  compare  the  total  oxidation  weight  gain  of  the  alloys 
as  a  function  of  time  at  1600,  1800,  and  200p°F,  respectively  (see  Table  VIA 
for  actual  data).  The  bars  represent  the  weight  change  of  specimen,  including 
any  spa lilng  produced  during  cooling  from  temperature.  At  1600°?  the  weight 
gains  of  all  alloys  except  IN-ICW  and  Rene  41  are  similar.  Exoept  for  SM-200 
and  Inoo  713C,  the  total  weight  gain  also  increases  with  exposure  time.  The 
apparent  decrease  in  weight  change  for  SM-200  and  Znco  713C  after  1000  hours 
may  indicate  oxide  volatilisation.  At  1800  and  2000°F  spalling  is  observed 
for  all  alloys  except  Rene  Y.  Also,  the  fact  that  the  weight-gain  values 
actually  decrease  with  increasing  temperature  f ar  seme  alloys  indicates  that 
oxide  volatilization  may  even  ocour  in  relatively  static  air.  Therefore, 
weight-gain  measurements  should  not  be  used  ss  a  conclusive  means  of  assessing 
the  oxidation  resistance  of  these  superalloys. 


Figures  54  through  56  illustrate  the  extent  of  internal  oxidation  produced  in 
the  alloya  as  a  function  of  time  at  1800,  1800,  and  2000°F.  The  metal  loss 
has  purposely  been  omitted  from  these  charts  since  the  observed  thickness 
changes  for  all  alloys  was  within  the  accuracy  of  measurement  (±  0.5  mil/side). 
As  reported  for  the  weight-gain  results,  some  discontinuities  were  also  observed 
in  the  internal  oxidation  measurements  at  2000°F  or  after  long  times  at  1800°f. 
In  general,  theae  apparent  anomalies  can  be  attributed  to  difficulties  in 
identifying  the  initial  oxide/metal  Interface  due  to  the  Bpalling  that  occurs. 
Also,  In  many  cases  the  1.0.  that  exists  at  low  temperature  isconverted  to 
suboxide  at  the  higher  temperatures,  as  previously  pointed  out  for  SM-200 
and  U-700, 


4.3  Flame  Tunnel  Oxidation 


4.3.1  General  Appearance 

The  general  appearances  of  the  alloya  after  300  and  1000  hours  exposure  to 
high  velocity  combustion  products  of  natural  gas  at  1800  and  2000°F  are 
illuutrated  In  Figures  57  and  58,  respectively.  The  specimens  tested  at 
1600°F  displayed  relatively  thin  oxides  whose  anisotropic  growth  revealed  the 
grain  structure  of  the  cast  alloys. 
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Comparison  of  the  Average  Weight-Gains  During  Static  Air  Oxidation  at 


1600°  F 

STATIC  OXIDATION 
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Figure  55  Comparison  of  the  Internal  Effects  Produced  During  Static  Air  Oxidation  at  180CPF 
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FIGURE  56  Comparison  of  the  Internal  Effects  Produced  IXiring  Static  Air  Oxidation 


General  Appearance  of  the  Alloys  After  ICO  and  1000  Hoars  Exposure  to  High  Velocity 
mst too  Products  of  Natural  Gas  at  1600°F. 


At  aOOO°P  both  similarities  and  large  differences  were  observed  in  the 
maoroaooplo  appearanoe  of  oxides  produces  on  those  alloys.  Rene  Y,  whioh 
exhibited  the  greatest  oxidation  resistance  (based  on  weight-gain  data),  also 
displayed  the  moat  tenacious  oxide  scale.  This  oxide  scale  was  generally 
black  with  some  brown  scaling  oxide  whioh  became  evident  on  the  edgeB  during 
the  last  2 00  hours  of  testing.  In-100,  SM-300,  and  Inoo  713C  exhibited 
similar-appearing  oxides  with  characteristic  greenish-brown  oxide  protrusions 
in  a  silver  and  green  oxide  background.  IN-100  contained  the  least  amount  of 
oxide  overgrowth  and  Inoo  713C  the  most.  U-700  exhibited  an  oxide  mixture  of 
varying  ahades  of  green.  Renj  41  exhibited  a  brownish  oxide  base  with  a  green 
oxide  overgrowth  whioh  Was  porous.  All  alloys  displsyed  some  evidence  of  oxide 
spalling  or  erosion  after  1000  hours  exposure  with  Rene  Y  and  Inoo  713C  least 
susceptible  and  Rene  41  and  IN- 100  showing  the  greatest  attack. 


4.3.2  Weight  Ohanges 

The  average  incremental  and  total  weight  change  which  occurred  during  the  first 
400  hours  of  test  at  both  1600  and  2000°F  is  tabulated  in  Table  VIIA.  The 
1000-hour  weight  change  data  for  the  1600  and  the  2000°7  tests  are  given  in 
Tables  VIIIA  and  IXA,  respectively.  Summary  curves  showing  the  variation  in 
weight  with  test  time  at  1600  and  2000°F  are  presented  in  Figures  B9  and  60, 
respectively.  A  summary  of  the  surface  reaction  products  fozmed  during  flume 
tunnel  exposure  at  these  two  temperatures  is  given  in  Table  XXXII. 


At  1600°F  (Figure  09),  with  the  exception  of  Rene  Y,  the  alloyB  exhibited 
little  difference  in  weight-gain  behavior.  Rene  Y  was  the  only  alloy  which 
displayed  a  weight  loss  for  each  100-hour  test  increment.  In  view  of  the  test 
variables  which  include  thermal  cycling  to  1000°F,  the  weight  change  measured 
must  be  considered  a  result  of: 


(a)  Increased  weight  due  to  oxygen  and  nitrogen  reaction. 

(b)  Decreased  weight  duo  to  vaporization  of  ixides  where  tho  weight  loss 
is  at  least  double  the  gain  of  oxygen. 

(«)  Decreased  weight  due  to  oxide  spalling  and/or  erosion  where  tho 
losoes  can  again  be  more  than  double  the  oxygen  weight  gain. 


At  lBOO^F  the  spalling  and  erosion  effect  is  usaumed  negligible,  hence  the 
weight  change  can  be  considered  the  result  of  (a)  minus  (b). 
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TABLE  XXXII 


X-RAY  IDENTIFICATION  OF  REACTION  PRODUCTS  FORMED  ON  VARIOUS  ALLOTS 
DURING  FLAME-TUNNEL  EXPOSURE 


Temp 

°F 

Time 

Hrs. 

Type 

Spec 

(a) 

Reaction  Products 

1600 

400 

<b> 

Rene'  Y 

MnCrs04  (ac;=8.44A)  +  oCra0g 

1000 

<b> 

MnCr804  (aon8.43A>  +  aCra03 

2000 

100 

(b) 

MnCr804  (ao«8.44A)  +  aCra03 

1000 

(b) 

MnCra04  (aoo8.42A)  +  oCrgOi,  +  unidentified  lines 

1600 

400 

(b) 

IN- 100 

NiO  (ao=4.20A)  +  Spinel  (aon8.35A) 

1000 

(b) 

NiO  (ao»4. 19 A)  +  NiTiClj  +  Spinel  (acp8.24A) 

2000 

100 

(b) 

Spinel  (ao»8.14A)  +  NiTi03 

1000 

(b) 

NiO  +  Spinel  (ao*8. loA)  +  Ala03  +  TiN 

1600 

400 

(b) 

SM-2.00 

NiO  +  Spinel  (a^B.391)  +  TiOfc,  +  aAl^O  (TO) 

1000 

(b) 

NiO  +  NiTlCLj 

2000 

100 

(O 

NiO  +  Spinel  (aoa8.26A)  +  NiTiOa  +  Spinel  (ao=8.07A) 

1000 

(b) 

NiO  +  Spinel  (o0s8.24A)  +  NiTiOg  +  Spinel  (a^B.  16A) 

1600 

400 

(b) 

Inco  713C 

NiO  +  oCrE03  +  Spinel  (aoa8.34A) 

1000 

(b) 

NIO  +  oALjO,  +  Spinel  (ao=B.34A) 

2000 

100 

(O 

NiO  +  aAlgOg  +  Spinel  (ao=8. 0B-8.34A)  +  TiGg 

1000 

(b) 

NiO  +  aAlgOg  +  Spinel  (aosS^oA) 

1600 

400 

(b) 

U-700 

NiO  (ao=4.17A)  +  Spinel  (ao=8.37)  +  Cra03 

1000 

(b) 

NiO  (ao=4.20A)  +  Spinel 

2000 

100 

<b) 

NiTiOg  +  (Al,Cr)sOa 

1000 

(b) 

Spinel  (ao=8.30A)  +  NiO  (a0=4.16A)  +  NiTiOg  +  Cra03 

1600 

400 

(b) 

Rene  41 

NiO  (aor:4.17A)  +  Spinel  (a0=:8.38A)  +  oCr.^  +  TiN 

1000 

(b) 

NiO  (ao=4. 19A)  +  Spinel  +  aCr„03 

2000 

1000 

<b> 

NiO  (ao=4.19A)  +  Spinel  (ao=8.36A)  +  oCra03  +  NiTiOg 

^Listed  in  order  of  decreasing  predominance  as  indicated  by  X-ray  intensities 
^^Diffractometer  trace  of  oxides  in  situ. 

f  (j) 

Dobye  Scherrer  analysis  of  scraped  oxide. 
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Referring  to  the  nature  of  the  reaction  products  formed  on  these  alloys, 

Rene  Y  is  observed  to  form  oxides  based  on  Crg03 ,  whereas  the  other  alloys 
contain  NiO  or  Ni-Al-Cr  base  oxides.  The  volatilization  of  Crs03-base 
oxides  as  compared  to  NiO  or  Ni-Al-Cr  oxides  is  therefore  considered 
responsible  for  the  slight  weight  loss  exhibited  by  Rene  Y.  The  vola¬ 
tilization  rate  constant  of  Crs03  when  exposed  to  static  oxygen  has  a 
temperature  dependence  given  by 

Ky  =  0.214  exp  (-48,800  +  3,000/RT)  gm/cma  sec'1(1*> 

Since  the  oxide  scale  an  Rene  Y  is  approximately  90%  Cra03  ,  a  calculated 
volatilization  weight  loss  of  -0.65  rag/cma  would  occur  during  the  1000-hour 
test  at  1600* F .  However,  assuming  an  oxygen  weight  gain  for  the  same  period 
of  +0.85  mg/cma  (from  static  test  data)  the  net  weight  change  during  the 
flame  tunnel  test  should  have  been  +0.20  mg/cma ,  which  is  considerably  higher 
trisn  the  -1.33  mg/cms  observed.  Since  erosion  and  apalling  effects  are 
not  considered  responsible  for  the  additional  weight  loos,  the  dynamic 
atmosphere  apparently  promoted  volatilization.  The  extent  of  volatilization 
for  the  other  alloys  Is  illustrated  in  Tahle  XXXIII,  indicating  that  those 
alloys  rich  in  chromium  are  most  subject  to  volatilization.  However,  this 
does  not  imply  that  those  alloys  showing  u  net  weight  gain  were  not  also 
subjected  to  volatilization  losses.  The  presence  of  predominantly  NiO 
rather  than  a  Cra0a  -base  oxide  indicates  that  the  weight  gain  by  oxygen 
reaction  was  simply  greater  than  the  volatilization  loss.  For  the  cast  alloys 
the  net  gain  was  greater  than  that  measured  after  equivalent  static 
oxidation  testing.  Considering  that  it  requires  the  reaction  of  approximately 
four  moles  of  0^  to  compensate  for  the  weight  loss  due  to  volatilization 
of  one  mole  of  Cra03  (or  Cr03 ) ,  the  oxidation  rates  of  the  alloys  in  the 
flame  tunnel  must  also  be  significantly  increased  at  1600*F. 

Figure  60  illustrates  that  exposure  in  the  flame  tunnel  at  2000°F  yields 
"st  weight  losses  for  all  alloys  with  Rene  Y  being  the  least  susceptible, 

A  1000-hour  exposure  produces  a  weight  loss  for  Rene  Y  which  is  one-third 
that  of  the  next  best  alloy  (Inco  713C,  -40.2  mg/cm*2)  and  that  predicted 
employing  Crs03  vaporization  data(185,  assuming  90%  Cr203  in  the  oxide  scale. 
Hence,  very  little  erosion  or  spalling  occurs  for  this  alloy,  as  verified 
by  the  appeurunce.  If  the  flame-tunnel  atmosphere  increases  the  oxidation 
rate  at  10OO*F,  it  will  also  increase  it  at  2000#F  and  therefore  probably 
enhance  spalling.  Thus  the  large  weight  losses  for  the  other  alloys  may 
be  attributed  primarily  to  volatilization  and  spalling.  The  fact  that  oxide 
buildup  and  spulllng  occurs  predominantly  at  the  edges  and  corners  of 
specimens  accounts  for  the  alteration  in  the  shape  of  the  coupons  observed 
after  test. 
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table  XXXIII 


VOLATILIZATION  DURINO  FLAME  TUNNEL  TESTING 


Alloy 

mg/cms  for  1000  hr/1600*F 
Statie<»)  Dynamic 

Volatilization 
Weight  Loss 
(mg/ca8) 

Prime  Reaction 
Products  at  1600*F 

Rene'  V 

+  0.65 

-  1.35 

-  2.10 

MnCra  04  ,  Cra< 

3a 

IN-100 

+  3.20 

+  2.45 

-  0.75(b) 

N10,  spinel 

SH-200 

+  0.57 

+  1.10 

- 

NiO,  spinel, 

O3 

U-700 

+  0.07 

+  1.75 

- 

N10,  spinel, 

Ala03 

INCO  713C 

+  0.40 

+  1.25 

- 

NiO,  a-Ala03 

,  spinel 

Rene'  41 

■»  3.23 

+  1.15 

-  2.08 

NiO,  spinel, 

Cr203 

<»)  From  static  weight  gain  data. 

(b)  Hay  be  increased  spalling  since  spalling  Is  observed  In  the 
static  teat  after  1000  hr/1000  F. 


4.3.3  Oxidation  Reactions 


The  morphology  of  the  reaction  products  on  the  alloys  after  exposure  to 
high  velocity  combustion  products  at  1600°F  are  illustrated  in  Figures  61 
through  63,  The  extent  of  the  internal  oxidation  features  as  a  function 
of  time  at  1600  and  2000°F  are  presented  in  Tables  XXXIV  and  XXXV,  respectively. 
A  bar  graph  summarizing  the  depth  of  affected  metal  in  the  alloys  after 
1000  hours  exposure  at  1600  and  2000°F  is  given  in  Figure  64.  A  comparison 
of  these  data  with  comparable  static  oxidation  test  results  indicates  the 
extent  of  oxidation  in  the  f lame-tunnel  atmosphere  to  be  significantly  more 
severe.  The  best  measure  of  degradation  is  obtained  by  combining  the  metal 
loss  and  I.O,  measurements.  This  permits  the  following  ranking  of  alloys  in 
order  of  decreasing  resistance  to  the  flame-tunnel  atmosphere: 


Ranking 

1600°F 

2000°F 

1 

Inco  713C 

Rene  Y 

2 

SM-200 

SM-200 

3 

Rene  Y 

U-700 

4 

U-700 

Inco  711 

5 

Rene  41 

IN- 100 

6 

IN- 100 

Rene  41 

All  alloys  rank  similarly  at  the  two  tost  temperatures  with  the  major  exception 
of  Inco  713C  whioh  shows  lower  resistance  at  the  high  temperature  because  of 
excessive  oxide  spalling  and  deep  internal  oxidation.  However,  if  all  facets 
of  oxidation  are  considered  (weight  gain,  appearance,  and  internal  effects) 

Rene  Y  displays  superior  resistance  to  the  flame-tunnel  atmosphere.  It  is 
of  interest  to  note  from  the  above  ranking  that  contrary  to  some  views  the 
resistance  to  a  dynamic  atmosphere  is  not  solely  dependent  upon  the  Cr  content 
of  the  alloy. 


The  microstructvral  features  observed  during  exposure  at  1600°F  (Figures  61 
through  63)  do  not  differ  significantly  from  those  observed  after  an  equivalent 
static  oxidation  test. 


The  reaction  products  formed  during  the  high  velocity  flame-tunnel  tests  after 
1000  hours  at  1600  and  2000°F,  as  identified  by  X-ray  diffraction  (see  Table 
XXXII)  and  microprobe  analysis,  are  summarized  in  Table  XXXVI.  For  comparison 
purposes  the  reaction  products  formed  during  equivalent  time  static  oxidation 
tests  have  been  included.  A  considerable  difference  is  observed  between  the 
static  reaction  products  and  those  produced  in  a  dynamic  atmosphere.  With  the 
exception  of  Rene  Y  which  displays  little  alteration  in  the  form  of  oxide  products, 
the  prime  difference  is  the  lack  of  chromium-rich  oxides  after  dynamic  testing. 

This  is  attributed  to  volatilization  of  Cr03 .  Rene  Y  is  not  subjected  to  such 
depletion  due  to  the  formation  of  a  protective  layer  of  MnCr904  spinel. 
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250X  M4028  2B0x  M3 183 

a)  IN- 100  After  100  Houra  b)  IN- 100  Alter  1000  Hours 


250x  M4024  230*  M3 182 

a)  SM-200  After  100  Houra  b)  SM-200  After  1000  Hours 


FIGURE  82  Typical  Oxide  Morphology  Produced  in  IN- 100  and  SM-200  after 
Exposure  to  High  Velocity  Natural  Qas  Combustion  Products  at 
1600°F.  Mounted  on  8:1  Taper  Section.  Etched  in  2%  Chromic, 
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M4033  280X 


a)  U-700  After  100  Hours 


M3 181 


b)  U-700  After  1000  Hours 


pii 

I*  Ij 


M4020 


a)  Hone  41  After  100  Hours 


M3 .179 


b)  Rone  41  After  1000  Hours 


FIGURE  63  Typical  Oxide  Morphology  Produced  in  U-700  and  Rone  41  After 
Exposure  to  High  Velocity  Natural  Gat)  Combustion  Products  at 
1000 °F.  Mounted  on  5:1  Taper  Section.  Etched  in  2%  Chromic. 
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All  metallographic  measureaents  taken  fro*  taper  sections  with  a  5:1  magnification. 
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Mess  irtd  fron  verticsl  sections. 
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FIGURE  64  Sumnary  of  the  Depth  of  Affected  Zone  after  1000  Hours  Exposure  in  the  Plane 


COMPARISON  Of  GRID  AT  IOW  REACTION  PftODOCTS  AFTER  lOOO-BOOR 
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4.4  Oxidation  of  Rnn^  Y 


The  superior  oxidation  resistance  displayed  by  Rene  Y  during  the  course  of 
this  investigation  has  prompted  additional  studies  to  determine  the  basis  for 
its  behavior. 


4.4.1  Rene  Y  Vorsus  Hastelloy  X 

Rene  Y  is  basically  a  modified  Hastelloy  X  containing  0.15  w/o  lanthanum  and 
additional  manganese  to  1.0  w/o.  Although  the  modifications  arc  slight,  the 
following  improved  oxidation  features  were  observed  in  the  course  of  this 
investigatL  on; 

(a)  Increased  scale  adherence 

(b)  Stabilized  oxide  scale  in  a  dynamic  environment 

(c)  Deoronsed  oxidation  rato 

To  establish  if  differences  in  the  composition  of  the  oxide  scales  could  promote 
this  improved  behavior,  electron  microprobe  and  X-ray  fluorescence  analyses 
were  conducted.  EMX  traces  obtained  from  both  Hastelloy  X  and  Reno  Y  after 
a  static  air  exposura  at  2000°F  for  100  hours  are  illustrated  in  Figure  6B. 
Although  the  baso  metal  compositions  are  similar,  the  composition  of  the 
oxide  phases  differed  considerably.  The  1.0  w/o  manganese  originally  present 
In  Rene  Y  builds  up  in  the  oxide  to  20-30  w/o  as  verified  by  X-ray  emission 
analysis,  whereas  the  0.7  w/o  manganose  present  in  Hustolloy  X  concentrates 
to  ouly  0  w/o  in  the  oxide  sc.u3o.  Similarly,  the  concentration  of  chromium 
and  nickol  in  the  oxide  scale  of  Rene  Y  is  considerably  less  than  Hastelloy  X. 
Thus,  Reno  Y  exhibits  an  oxide  of  Cr0O3  overgrown  with  MnCre04  with  no  nickol 
in  solution.  Hastelloy  X,  on  the  other  hand,  exhibits  an  oxide  consisting  of 
NiCrB04  spinol  overgrown  with  (Cr,Mn)aO„,  On  the  basis  of  flame  tunnel  tests 
conducted  on  those  two  mutoriuls,  it  can  bo  concluded  that  tho  MnCra04  spinel 
overgrowth  minimlzoa  the  volatilization  of  Ci’gOj  and  stabilizes  tho  oxido  scale. 


The  inoreaBO  in  the  concentration  of  manganese  in  the  oxide  scale  of  Rone  Y 
is  not  considered  simply  the  result  of  additional  manganese  since  it  contains 
only  0.2  w/o  more  than  Hastelloy  X.  Rathor,  it  is  postulated  that  the  activity 
of  the  manganese  is  increased  by  tho  small  amount  of  lanthanum  prosent  in  tho 
alloy.  The  microprobo  analysis  also  shows  that  lanthanum  effectively  reduces 
the  participation  of  nickol  in  tho  oxide  scale.  Previous  studies  at  this 
laboratory  on  a  Reno  Y  alloy  with  lanthanum  but  without  manganese  support 
this  hypothesis  since  a  Crs03  oxido  was  promoted  with  no  evidence  of  a  NiCrs04 
spinel,  which  would  be  tho  expected  oxido  product. 
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FIGURE  65  Results  of  Microprobo  Analysis  lor  Rono  Y  and  Hastolloy  X  Af  tor 
100  Hours  Exposure  ut  2000°? 

Obsorvu  the  Prosonco  of  MnCra04  Spinel  Oxide 
(2d  w/o  Mn  +  '16  w/o  Cr)  on  the  surfuco  ut  Rono  Y 
versus  a  Cr.503  oxide  (60  w/o  Cr  +  5  w/o  Mn)  on  tho 
surface  of  Hastolloy  X.  Both  alloys  have  comparable 
amount  of  Mu, 


4.4.2  Role  of  Lanthanum  In  Rene  Y 


A  study  was  also  made  to  determine  the  distribution  of  lanthanum  in  Rene  Y 
and  the  manner  in  which  it  participates  in  the  oxidation  reaction.  This 
study  was  considered  necessary  to  determine  the  role  of  lanthanum  in 
improving  the  oxidation  behavior  of  Hastelloy  X. 


A  thorough  analysis  of  the  Iteno  Y  base  material  employing  the  microprobe 
revealed  lanthanum-rich  particles  (which  were  not  oxides)  located  primarily 
in  grain  boundaries  and  associated  with  base  metal  carbides.  A  wavelength 
scan  across  the  particles  indicated  relatively  high  concentrations  of  moly¬ 
bdenum,  silicon,  lanthanum,  and  carbon.  The  fact  that  the  lanthanum-rich 
particles  revealed  no  moro  oxygen  than  the  matrix  and  the  absence  of  particle 
fluorescence  when  probod  by  the  EMX  was  considered  sufficient  evidence  to 
indicate  that  the  particles  wore  not  oxides.  The  particles  could  be  detected 
metal lographically  but  always  appoarod  diffuse  or  in  relief.  Attempts  to 
extract  the  particles  for  X-ray  diffraction  analysis  were  not  successful  since 
an  X-ray  fluorescence  analysis  of  tho  extracted  residues  did  not  detect  La. 
Since  the  rare-earth  carbides  do  decompeso  in  air  to  form  acetylene,  ft  is 
postulated  that  tho  lunthanum-containing  particles  aro  complex  Mo-Si- La 
carbides  which  are  not  stable  when  exposed  to  air. 


A  number  of  microprobo  analyses  wore  conducted  on  the  surface  oxide  and  at  the 
oxido/motal  interface  to  determine  the  lanthanum  distribution.  The  results 
of  this  investigation  are  summarized  schematically  in  Figure  66.  In  the 
center  of  this  figure  is  a  schematic  of  the  oxJ.do  formed  on  Rene  Y.  Each 
numbered  dashed  lino  represents  probe  traces  for  lanthanum  with  the  lanthanum 
concentration  profile  presented  parallel  to  the  trace.  The  results  showed 
significant  lanthanum  concentrations  only  in  tho  cusps  or  fingers  of  the 
oxide  scnlc  which  extend  Into  tho  matrix  metal  and  not  in  the  internal  grain 
boundary  oxides  or  the  scale  per  se.  These  results  were  verified  by  taking 
micropvobc  analyses  across  several  locations  along  the  scalc/metal  interface. 
Thus,  the  results  support  grain  boundary  "keying''  as  the  mechanism  for 
increased  scale  adhcronc.y.  Investigations  were  also  conducted  using  the 
electron  microscope  to  determine  ii  La-containing  oxide  films  were  formed 
along  the  oxlde/mctal  interface.  No  indications  of  such  films  were  found. 


On  the  basis  of  these  findings,  the  following  mechanism  is  postulated  to 
explain  the  enhanced  oxidation  resistance  of  Rone  Y.  The  lanthanum  originally 
present,  as  a  carbide  phase  goes  into  solution  during  oxidation  providing  a 
continuing  source  of  lanthanum.  The  lanthanum  diffuses  to  the  oxide/metal 
interfucc  where  it  concentrates  at  the  grain  boundary  cusps  adjacent  to  the 
oxide.  These  La-rich  cusps  then  serve  as  mechanical  "keys"  with  the  matrix 
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to  minimize  the  interfacia.1  oxide/aetal  shear  stress  and  improve  oxide 
adherence.  The  lanthanum  also  alters  the  activity  and/or  diffusivity  of 
the  nickel,  chromium,  and  manganese  in  the  alloy  yielding  a  more  stable 
spinel  oxide,  MhCr804  in  the  case  of  Rene  Y.  The  latter  reaction  decreases 
oxide  volatilization  and  improves  oxidation  resistance,  particularly  in 
dynamic  environments. 


4.5  Effects  of  Surface  Preparation 

A  limited  study  was  initially  intended  to  establish  if  variations  in  surface 
finish  grossly  affect  the  oxidation  behavior  of  Ni-base  alloys.  Due  to  the 
complexity  of  the  behavior  actually  observed, however,  the  scope  was  expanded 
considerably  to  characterize  the  main  factors  which  govern  the  effects  of 
surface  preparation. 


4.5.1  Static  nnd  Continuous  Weight  Gain  Oxidation 

Specimens  used  for  this  study  were  given  threo  different  finishes  which 
resulted  in  different  degrees  of  roughness  and  surface  deformation.  They 
were  eloctropolished,  dry  grit  blasted,  and  coarse  wet  ground.  The  roughness 
of  the  resulting  surfaces  were  measured  with  a  Prof ilomoter  and  tho  average 
values  obtained  arc  listed  below: 

Elcctropolishod  3p,  ±  1  RMS 

Grit  Bl'-tod  (150  grit  AL,0^)  55|i  ±  10  RMS 

Wot  Ground  (50  grit  SiCu,)  130u  ±  20  RMS 


The  scatter  in  tho  measured  roughness  not  only  reflects  variations  in  the 
abrasion  resistance  of  tho  alloys  but  also  the  extent  of  surface  finish 
reproducibility.  Specimens  were  lightly  rinsed  in  methanol-10%  HC1, 
rinsed  in  ethanol,  and  oxidized  in  electric  box  furnaces  for  100  and  400 
hours  at  1600,  1800,  and  2000°F. 


The  appearance  of  the  specimens  after  testing  showed: 

(a)  Significant  differences  in  the  color  of  the  oxides  produced  on 
specimens  with  dii'foront  finishes.  The  largest  differences  were 
observed  between  electropolishod  and  grit  blasted  specimens. 

(b)  Generally,  specimens  in  the  eloctropolished  condition  displayed  the 
groatost  degree  of  oxide  spalling,  at  times  exhibiting  gross 
exfoliation  of  the  surfaco  scale. 
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The  weight  changes,  amount  of  oxidation,  and  y'  dissolution  were  measured 
for  each  alloy  as  a  function  of  time,  temperature,  and  surface  finish  and 
are  presented  in  Table  XXXVII.  These  data  did  not  exhibit  consistent 
effects  as  a  function  of  the  test  variables.  However,  there  were  general 
trends  and  some  specific  data  indicating  that  grit-blasted  finishes  produced 
accelerated  attack.  The  apparent  conflicts  in  the  results  were  of  such  a 
nature  as  to  necessitate  a  motallographic  re-evaluation  on  the  anomalous 
specimens.  The  extent  of  oxidation  in  these  duplicates  were  found  to 
reasonably  agree  with  the  original  measurements.  Hence,  specimen  mis-identif ication 
was  discounted  as  the  cause  of  the  apparent  anomalies.  It  was  noted,  however, 
that  grit  blasting  and  coarse  grinding  did  produce  a  more  irregular  type  of 
attack  which  in  some  cases  made  assessment  of  the  extent  of  attack  difficult. 


There  were  certain  instances  where  oxidation  behavior  was  definitely  affected 
by  surface  preparation.  A  typical  example  is  illustrated  by  IN-100  in 
Figures  67  and  68.  In  this  instance  a  grit  blasted  surface  produced  exces¬ 
sive  grain  boundary  oxidation  after  400  hours  at  1800°F,  however  the  effect 
was  not  observed  after  shorter  times  of  exposure  and  was  minimized  after 
exposure  to  2000°F  (see  Figure  67  and  68).  A  similar  behavior  was  observed 
in  cast  Inco  713C  but  not  in  the  wrought  alloys  U-700  and  Rene  41. 


The  results  of  X-ray  diffraction  analysis  to  identify  the  oxides  formed  as 
a  function  of  surface  preparation  (namely  electropolished  and  grit  blasted) 
are  summarized  in  Table  XXXVIII  after  400  hours  exposure  at  1600,  1800,  and 
2000°F.  Contrary  to  expectation,  large  differences  wore  not  observed  in  the 
oxides  formed  on  the  two  extreme  surface  finishes.  There  were  indications, 
however,  that  Cr-basc  oxides  were  favored  on  grit-blasted  surfaces  for  all 
alloys  except  IN- 100,  For  IN- 100  an  increase  in.  A1  and  Ti-containing  oxides 
was  indicated  for  the  grit  biasted  specimens.  However,  microprobe  traces 
obtained  from  identical  specimens  did  not  display  any  pronounced  scale 
composition  differences  as  compared  to  fine  ground  specimens.  In  an  attempt 
to  clarify  the  behavior  reflected  in  these  observations,  the  following 
additional  tests  wore  performed: 

(a)  Continuous  weight-gain  testin:  of  grit-blasted  IN-100  and  Inco  713C 

at  1800°F  to  further  establish  the  effect  of  C^/Nj,  pickup  and  determine  if  a 
transition  time  existed  for  good  to  poor  oxidation  resistance. 

(b)  Static  oxidation  of  both  cast  and  wrought  U-700  to  determine  if  the  form 
of  the  alloy  was  an  influencing  factor. 

(c)  Oxidation  of  grit  blasted  IN-100  and  Inco  713C  for  400  hours  at  1800°F 
with  a  pre-oxidation  argon  anneal  (8  hours  at  2000°F)  to  establish  if 
surface  roughness  per  se  or  cold  work  was  responsible  for  the  detrimental 
effect  observed. 
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Effect  of-  Surface  Preparation  on  the  Internal  Oxidation  of  IK- 100  Exposed 
Hrs/1800°F  in  Air.  4:1  Taper  Etched  In  2%  Chronic. 


Effect  of  Surface  Preparation  on  Oxidation  of  IN- 100  After  400  Hrs/2000°F  Exposure 
250X  4:1  Taper  Etched  in  2%  Chromic 


(d)  High  velocity  flame  tunnel  teat#  on  all  alloyB  at  1800°P  in  the  grit 

blaated  and  fine  gound  condition  to  determine  if  the  surface  preparation 
effect  peraiated  in  a  high  velocity  air  flow. 


The  continuous  weight-gain  data  for  grit-blasted  IN- 100,  Inco  713C,  and 
U-700  (sheet)  are  presented  in  Table  XA.  Log- log  plots  of  the  results  for 
IN- 100  and  Inco  713C  ar,e  shown  in  Figure  60  and  compared  to  results  from 
electropolished  specimens.  Grit-blasted  IN-100  displayed  results  which 
contradicted  the  static  test  results  after  100  hours.  This  test  also 
Indicated  a  significant  effect  of  surface  preparation  on  both  weight  change 
and  weight-gain  kinetics.  The  oxidation  rate  of  the  grit-blasted  specimen 
was  near  linear,  whereas  the  electropolished  specimen  displayed  near  parabolic 
oxidation.  This  would  indicate  that  the  grit-blasted  specimen  did  not  form  a 
protective  oxide.  This  fact  is  supported  by  metallographic  observations  where 
excessive  nitride  formation  was  also  observed.  Continuous  weight-gain  tests 
of  Inco  713C  and  U-700  indicated  little  or  no  effect  of  surfaoe  preparation,  in 
agreement  with  previous  static  test  results  after  100  hours  exposure. 


Tests  were  also  conducted  to  establish  if  the  effect  observed  waB  caused  by 
surface  roughness  per  so  or  if  the  resultant  surface  deformation  was  a  prime 
factor.  Prior  to  exposure,  Inco  713C  and  IN- 100  specimens  were  grit  blasted 
and  one  set  annealed  for  8  hours  In  argon.  This  yielded  surfaces  of  equivalent 
roughness  but  with  different  degrees  of  surface  deformation.  The  results  of 
internal  oxidation  measurements  after  testing  are  presented  in  Table  XXXIX, 
which  indicates  that  the  surface  preparation  effect  is  largely  attributed  to 
cold  work  and  not  roughness  per  se.  The  effect  is  vividly  illustrated  by  the 
miorostructures  shown  in  Figure  70.  To  further  establish  differences  in  the 
surface  deformation  with  each  type  of  preparation  (grit  blast,  fine  grinding, 
and  coarse  grinding),  back  reflection  Lave  X-ray  diffraction  patterns  were 
taken  of  the  surfaces.  In  the  fin*'  ground  condition  (600  grit)  Debye  rings 
and  spot3  were  observed.  Patterns  of  coarse  ground  surfaces  (50  grit)  produced 
a  more  diffuse  pattern  with  only  faint  remnants  of  Debye  rings.  The  grit-blasted 
specimen,  howover,  gave  no  pattern  at  all,  indicating  a  highly  cold-worked 
surface.  The  extent  of  this  cold  work  waB  sufficient  to  produce  rocrystal- 
lization  of  the  alloys.  With  the  proper  etching  procedure  a  fine  grained, 
evidently  rocrystallizod,  structure  could  be  observed  in  the  dapletion  zone. 
This  structure  seemed  most  prevalent  in  cast  materials. 


The  influence  of  surface  preparation  effects  on  alloys  of  different  form  (i.e. , 
wrought  and  cast)  is  demonstrated  by  tests  performed  on  wrought  and  cast  U-700. 
The  internal  oxidation  measurements  obtained  after  exposures  of  100  and  400 
hours  at  1800°F  are  presented  in  Table  XL  and  representative  microstructures 
illustrated  in  Figure  71.  These  results  indicated  that  for  relatively  short 
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AELECTROPOLISHED 
OGRIT  BLASTED 


TABLE  mix 


INFLUENCE  OF  HEAT  TREATMENT  ON  SURFACE  PREPARATION  EFFECT 


INCO  71 3C 


Time/Temp 


mmmj 


Average 

I.O. 


Condition 


V  Dissolution 


100/1800 

Grit 

Heat 

Blast  -* 
Treated 

* 

0.00 

0.30 

100/1800 

Grit 

Blast 

0.20 

0.35 

400/1800 

Grit 

Heat 

Blast  + 
Treated 

* 

0.00 

0.40 

400/1800 

Grit 

Blast 

1.50 

2.50 

IN-100 

100/1800 

Grit 

Heat 

Blast  + 
Treated 

* 

0.00 

1.00 

100/1800 

Grit 

Blast 

0.30 

0.65 

400/1800 

Grit 

Heat 

Blast  + 
Treated 

* 

0.50 

1.20 

400/1800 

Grit 

Blast 

1.75 

2.75 

Heat  treated  8  hours  at  2000*F  in  argon  prior  to  exposure. 
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FIGURE  70  Removal  of  Surface  Preparation  Effect  by  Heat  Treatment.  Exposed  400  Hrs/1800°F  in  Air. 
250X  4:1  Taper  Etched  in  Chromic 
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U-700  Cast 
Grit  Blasted 
100/1800°F 


M-7C19 


l) -700  Cast 

Eloctropolishod 

100/1800°F 


M- 6585 


U-700  Wrought, 

Eloctropolishod 

100/1800°F 

M-0581 


FIGURE  71  Iniluonca  ol  Alloy  Form  on  Surl'aco  Preparation  EJ’l’oct 
250X  4 s 1  Taper  Etched  In  2%  Chromic 
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exposures  the  cast  alloy  was  most  susceptible  to  deformation-induced 
oxidation  but  the  effect  appeared  to  vanish  after  longer  exposure  times. 

Tho  type  of  attack  usuall;  casued  by  surface  deformation  of  U-700  was 
highly  localized  and  usually  present  as  I.G.O.  as  typified  by  Figure  71.  It 
was  also  observed  that  for  equivalent  surface  preparations  the  cast 
material  always  displayed  inferior  resistance. 


4.5.2  Flame  Tunnel  Oxidation 

The  influence  of  surface  preparation  on  the  oxidation  behavior  of  Rene  Y, 

Rene  41,  U-700  (sheet),  IN-100,  SM-200,  and  Inco  713C  in  high  velocity  ■ 
natural  gas  combustion  products  was  evaluated.  The  general  appearance  of 
tho  specimens  after  100  hours  exposure  at  1800°F  is  illustrated  in  Figure  72 
and  tho  weight  change  results  for  the  cast  and  wrought  alloys  are  plotted  in 
Figures  73  and  74,  respectively.  For  the  wrought  alloys,  increased  surface 
deformation/roughness  caused  an  increase  in  weight  gain.  Since  the  shapes  of 
the  woight-gain  curves  for  tho  grit-blasted  and  fine-ground  specimens  were 
similar  for  each  alloy,  the  effect  could  simply  be  attributed  to  the  larger 
effective  surface  area  of  the  grit-blasted  specimen.  The  cast  alloys,  on  the 
other  hand,  displayed  an  opposite  trond.  Except  for  Inco  713C,  tho  fine 
gound  surface  exhibited  a  greater  nut  weight  gain.  However,  the  appearance 
of  tho  grit-blastod  specimens  showed  more  severe  oxidation,  indicating  that 
weight  change  may  not  be  a  good  measure  of  oxidat.cn  resistance  in  the  flame 
tunnel  test. 


The  extent  ni  internal  oxidation  exhibited  by  each  alloy  for  the  two  surfaco 
finishes  are  shown  in  Figures  75  through  SO.  The  effect  or  surface  preparation 
on  internal  reaction  is  less  severe  in  a  dynamic  as  compared  to  n  static 
atmosphere.  As  in  the  latter  case,  the  specific  effect  of  surface  p.repation 
is  unpredictable.  For  example,  grit  blasting  appeared  to  promote  internal 
oxidation  for  IN-100  and  Inco  7130  but  tho  opposite  effect  was  observod  for 
SM-200.  Also,  grit  blasting  produced  increased  internal  oxidation  and 
i eery stal lizat ion  for  Rene  41  and  U-700,  but  for  Reno  Y  produced  a  noticeable 
decrease  in  the  intergranular  type  oxidation  which  normally  forms. 


The  reaction  proew..  ,.s  which  formed  during  the  flame  tunnel  exposure  wore 
identified  employing  Debye  Schcrrer  patterns  of  scraped  oxides.  Tho  results 
are  tabulated  in  Table  XXXXI.  The  absence  of  Cr-baso  oxides  and  the  predominance 
of  the  perovskito-typo  NiTiQj  oxide  are  the  main  features  displayed.  With  tvo 
exceptions,  no  gross  differences  are  noted  <n  tho  reaction  products  formed  as 
a  function  of  surfaco  treatment.  The  two  alloys  which  displayed  the  greatest 
difference  in  the  typo  of  reaction  products  l'ormod,  namely  U-700  and  Inco  713C, 
were  the  two  most  similar  alloys  with  respoct  to  weight  gain. 


160 


700 

Shee 

iHi  .  .  4-  -■ 

1  4->  1 

•H  p 

&  H 

w 

O 

o 

10 

■■•  in 

I  rr 

3J§ 

s<v  CO 
i  5!  J 

( 

~~~,  4,1  ••'l 

4  c  r-1 ^ 

t  v  -« . .  ■■».  •  vr*’  , 


.•  ■  ■  »  '  I 


j>*  $-:£■ 

fv  a;y 


WEIGHT  CHANGE  (mg/cm*) 


i 

I 


FIGURE  73  Tho  Effect  of  Surface  Preparation  on  the  Weight-Gain  Behavior 
ol  Cast  Alloys  During  Flume  Tunnel  Exposuro  at  1800°F 
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WEIGHT  CHANGE  (mg/cm2) 


0  100  200  300  400 


TIME  HOURS 

FIGURE  74  The  Effect  of  Surface  Preparation  on  the  Weight-Gain  Behavior 
ol  Wrought  Alloys  During  Flume  Tunnel  Exposure  nt  1800°F 
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N-116 


(a)  U-700  Fine  Ground  Surface 


N-U3 


(b)  U-700  Grit  Bloated  Suri'nco 


IGURE  7(>  Typical  Scale  and  lntornal  Reaction  As  A  Function  oi  Surface 
Preparation  lor  U-700  After  200  Hr.  Exposure  In  tho  Flume 
Tunnel  ut  180()°F  2%  Chromic  250x  1:1  Taper 
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(a)  IN- 100  Fine  Ground  Surface 


N- 126 


N- 127 

(I))  IN- 100  Or  It  Blasted  Suriaco 


FIGURE  7 a  Typical  Scale  and  Intornul  Roue t Ion  uh  a  Function  of  Surface 

Preparation  J or  IN-100  Alter  1400  Hr.  Exposure  In  the  Flame 
Tunnel  at  1B00°F  2%  Chromic  250>,  111  Taper 
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N-123 

(b)  SM-200  Qrit  Bleated  Surfuco 

FIGURE  70  Typical  Sc;ulo  uml  Internal  Hcuct.lon  Ah  a  Function  oi  Surfaces 
rropamt  ton  fur  SM-200  After  200  Hr.  Exposure  Ln  tho  Flnmo 
Tunnel  at  18U0°F.  2%  Chromic  250X  4 ■ ]  Tapor 
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(b)  Tneo  7130  Grit  Tllnuted  Surface 


FIGURE  30 


Typical  Scale  ami  Internal  Reaction 
Preparation  far  Inco  7130  Alter  200 
Tunnol  at  1800 C’F,  2%  Chromic 
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From  the  combined  results  of  static  and  dynamic  teste  the  following  general 
observations  can  be  cited  regarding  the  effect  of  surface  preparation  on  the 
oxidation  behavior: 

(a)  Effects  produced  by  tho  various  surface  finishes  can  be  attributed 
primarily  to  surface  deformation  and  not  to  roughness  per  so. 

(b)  Increased  surfnco  deformation  promotes  internal  oxidation.  The  effect 
is  less  severe  in  a  dynamic  atmosphere. 

(<i)  The  effect  of  surface  deformation  is  most  pronounced  in  cast  bb 
compared  to  wrought  alloys. 

(d)  No  large  differences  in  the  oxide  scalo  composition  have  been  noted  as 
a  function  of  surface  deformation. 

Although  the  general  effects  of  surface  preparation  on  the  oxidation  of  these 
alloys  have  been  determined,  the  specific  mechanism(s)  responsible  for  the 
effects  has  not  been  defined.  The  mechanism  no  doubt  involves  deformution- 
induoed  diffusion  but  establishing  the  exact  mode  would  be  difficult.  This 
difficulty  stems  from  the  inconsistent  results  obtained  and  tho  many  variables 
which  appear  to  affect  the  process.  Among  the  variablos  causing  this  complex 
behavior  arc: 

(a)  Temperature  and  time 

(b)  Alloy  form  (cast-vs-wrought) 

(c)  Alloy  composition 

(d)  Uniformity  of  tho  surface  finish 

(o)  Typo  of  atmosphere  (static-va-dynamic) 

A  more  critically  designed  experiment  is  considered  necessary  to  sopuruto 
those  vuriublos  and  characterize  tho  surface  preparation  effect.  Such  an 
experiment  wu.s  beyond  the  scope  of  this  program, 
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V  DISCUSSION 


Tho  reBulta  of  the  kinetics  analyses  poriorraed  indicated  definite 
similarities  in  the  oxidation  behavior  of  the  alloys.  However,  a  true 
kinetic  characterization  of  tho  oxidation  mechanisms  was  masked  by  the 
complex  interplay  of  heterogeneous  oxidation,  spalling,  and  oxide 
volatilization.  In  general,  the  linear  oxidation  observed  reflects  the 
spontaneous  nueloation  or  penetration  of  oxide  colonics  through  the 
initial  oxide  layer  and  subsequent  coalescence  or  lateral  growth  to  form 
a  relatively  continuous  phase  as  observed  in  the  thin  film  studies.  The 
parabolic  oxidation  rate  is  associated  with  continued  oxide  growth  by 
diffusion  processes.  The  slower  parabolic  or  cubic  rates  observed  are 
indications  of  oxide  interactions,  porosity  formation,  and  volatilization. 

The  decelerating  kinetics  observed  for  IN- 100  and  in  some  caBeB  SM-200  and 
Inco  713C  denote  oxide  spalling  or  excessive  volatilization.  Tho  heter¬ 
ogeneous  nature  of  the  oxidation  observed  on  the  cast  alloys  suggests  that 
two  or  more  of  these  processes  are  occurring  simultaneously  at  different 
locations  on  the  surface,  thus  further  complicating  the  measured  kinotioa. 
Hence,  oven  if  the  atomic  processes  governing  oxide  growth  could  be  ascertained 
such  models  would  bo  of  little  value  In  view  of  the  Intermixture  of  oxides 
prosent . 


It  is  well  to  emphasize  horu  the  luck  of  u  direct  relation  between  weight-gain 
data  and  the  extent  of  intornal  oxidation  reactions,  The  internal  oxidation 
process  involves  reactions  botwocn  cha  less  noble  constituents  of  the  alloy 
and  oxygen  which  has  already  reacted  with  tho  surface  to  form  a  scale.  Tho 
weight  gain  reflects  thc_amount  of  oxygen  required  to  form  tho  surfaco  sculo. 
Subsequent  solution  of  0“  at  the  oxygon/motal  inturf ace  through  scale  dis¬ 
sociation  and  its  diffusion  into  the  metal  to  react  with  tho  least  noble 
solute  it  encounters  involves  no  increase  of  mass  by  tho  sample  und  thus  no 
additional  weight  gain.  Hence,  the  weight  gain  does  not  roflcct  the  extent 
of  internal  oxidation  per  so.  This  does  not  infer,  however,  thut  intornal 
oxidation  reactions  do  not  ul'fect  the  scaling  procoss  indirectly  by  cither 
tying  up  the  most  reactive  cations  before  they  can  be  concentrated  and 
incorporated  as  part  of  tho  surface  oxide  or  by  providing  a  sink  for  tho 
oxygen  ions  which  in  effect  causes  u  reduction  In  tho  scalo  thickness. 
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The  microstructural  changes  observed  in  this  study  denoto  u  critical  relation 
between  the  scale  and  subscale  reactions.  In  fact,  the  two  processes  are 
considered  to  bo  in  direct  conflict  with  each  other  with  the  final  scalo/ 
subscale  morphology  controlled  by  thermodynamic  factors.  Tho  affinities  of 
tho  various  constituents  present  in  those  alloys  for  oxygon  and  nitrogon  at 
1800°F  arc  compiled  in  Table  XXXXII^19'1.  Thermodynamically,  the  competitive 
oxidation  reaction  can  be  simply  expressed  as 

AO*  +  D  "•  BO*  4-  A 


for  which: 


AFt  a  &TV°  +  RT  In  ^ 

T  aAOx  aB 


Since  tho  oxide  rctivitios  cun  bo  uusumud  unity,  the  froo  onorgy  change  nt 
a  specific  temporattuo  is  dopondont  upon  the  affinity  of  each  element  for 
oxygen  and  their  corresponding  activities  in  tho  alloy.  ThuB,  although  the 
concentration*  (activity)  oi  a  specific  element  may  bo  rulut:  ivoly  low,  its 
high  affinity  for  oxygon  may  be  suli'ieient  to  cause  preferential  oxide 
formation.  Tho  same  ii  also  true  lor  elements  with  relatively  low  ailLnitios 
for  oxygon  but  high  activities  ir.  tho  alloy.  Tho  oxide  which  is  most 
thermodymunion lly  favored  will  form  first  and  oxiat  uu  tho  aurfucc  oxide. 
Elements  with  lower  concentrations  but  high  nl'i’init  ios  for  oxygon  will 
then  oxidize  Interim  lly  1.  f  tho  decomposition  of  the  surface  oxide  ut  tho 
oxidc/motul  interface  yields  a  higher  partial  pressure  of  oxygon  than  the 
dissociation  pressure  of  the  internal  oxide  being  formed. 


Specific  examples  of  the  critical  nature  of  this  seulo/aubscnle  reaction 
process  have  boon  demonstrated  during  this  investigation.  In  the  alloys 
studied,  the  elements  most  critical  in  the  sea le /subsea Lo  competition  uro 
Cr,  Al,  and  to  u  lesser  extent,  Tt.  During  tho  ox Ida. ion  of  IN-100  (10,0 
Cr,  3.8  Al.  and  A.:?  TL)  the  relatively  low  activity  of  Cr  and  the  high 
combined  activities  of  Al  and  T1  resulted  In  tho  lncorporut Ion  of  the  latter 
elements  us  subscale.  No  internal  ox  id:  .t  Ion  resulted  because  tho  dissociation 
prousuros  of  AL,0^  und  TICL,  were  less  thun  uny  other  oxide  that  could  form. 

In  fact,  the  high  Ti  content  ol  tho  suboxltle  is  eonsiderud  responsible  for 
the  observed  inferior  oxidation  bohuvior.  3M-2CH)  (If*  Cr,  A, A  Al,  and  3,0  Ti) 
on  the  other  hund,  displayed  the  same  relative  Cr  activity  au  lN-li'T,  hut  lower 

*It  is  assumed  for  tho  sake  of  tills  discussion  that:  concent  rat;  1  on  and 
activity  are  synonymous 
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TABLE  XLII 


THERMODYNAMIC  PROPERTIES  OF  THE  OXIDES  AND  NITRIDES  AT  18001-F 


Oxide  Nitride 


Element 

AF<a> 

— 7ET- 

A F 

A1 

-207 

AlsQ, 

icr38 

-89.1 

AIN 

3 

x  io“16 

Ti 

-177 

TiOjj 

icr31 

-94.6 

TIN 

4 

x  ior17 

Si 

-161 

SiOj 

ioraB 

O 

CN 

CO 

1 

Si3N4 

3 

x  ior® 

Cr 

-135 

Cra03 

1  (T23 

-19.5 

CrsN 

4 

x  io-4 

Mo 

-102 

MoOjj 

2  X  l^18 

Unstable 

Fe 

-  83.5 

FeaC^ 

3  x  ior1B 

Unstable 

Co 

-  72.5 

CoO 

2  x  icr13 

Unstable 

Ni 

-  66.9 

NiO 

2  X  10”la 

Unstable 

Spinel 

-ioo<c) 

NiCra04 

4  x  10"1b(c) 

Unstable 

^Free  energy  of  formation  per  mole  of  oxygen  or  nitrogen  in  K  cal 

^Dissociation  pressure  in  atmospheres 
(c) 

Estimated  from  data  on  FeCrs04 
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A1  and  particularly  Ti  activities.  Therefore,  during  low-temperature  oxidation 
(1600°F)  where  the  A1  was  still  tied  up  as  y',  the  thermodynamic  activity 
was  too  low  for  scale  formation  and  Cr30g  scale  formation  and  AL,Oj  internal 
oxidation  existed.  At  higher  temperatures  the  effective  activity  of  A1  was 
increased  sufficiently  (due  to  y'  dissolution  and  increased  diffusion)  to 
form  an  Al-rich  oxide.  The  result  was  elimination  of  internal  oxidation 
and  A1  subscalo  formation.  The  A1  and  Ti  activities  in  U-700  (15  Cr,  4  Al, 
and  3.6  Ti)  would  be  similar  to  those  in  SM-2O0  but  the  Cr  activity  was 
higher.  The  higher  Cr  activity  actually  favored  the  formation  of  Cr-base 
oxides  and  essentially  increased  the  temperature  range  at  which  internal 
oxidation  and  Al  suboxide  formation  would  persist.  The  influence  of  high 
Cr  activity  was  also  demonstrated  by  Rene  41  (19  Cr,  1.4  Al,  3  Ti)  in  which 
Cr903  oxide  scale  predominated  at  all  temperatures.  This  naturally  resulted 
in  excessive  amounts  of  internal  oxidation. 


In  view  of  present  findings,  it  may  be  possible  to  thermodynamically  design 
alloys  with  greater  surface  stability.  Unfortunately,  much  of  the  required 
data  for  this  type  of  design  is  lacking,  particularly  those  pertaining  to 
Al  and  Ti  activities.  Also,  the  Al  activity  as  a  function  of  temperature 
would  probably  differ  for  each  superalloy  due  to  differences  in  the  y' 
stability  and  Al  diffusion.  However,  since  Al-base  oxides  are  inherently  more 
stable  than  those  based  on  Cr,  oxidation  resistance  can  be  improved  by  Increasing 
the  Al/Cr  ratio.  Increasing  the  Al  level  would,  of  course,  increase  the  Al/Cr 
ratio  at  the  expense  of  ductility.  Decreasing  the  Cr  while  maintaining  the 
usually  high  Al  level  content  should  produce  the  same  net  effect  with  no 
loss  in  ductility.  Hence,  alloys  with  lower  Cr  (6  to  9  w/o)  and  high  Al 
(4  to  6  w/o)  contents  are  suggested  to  increase  surface  stability.  This 
should  not  cause  unfavorable  alloy  properties. 


In  a  practical  sense,  all  the  alloys  studied,  with  the  exception  of  Rene  Y, 
displayed  similar  oxidation  resistance  and,  in  general,  the  same  undesirable 
features.  The  major  factors  which  contribute  to  increase  oxidation  and 
therefore  most  likely  to  reduce  component  life  and  reliability  in  turbine 
applications  are: 


Oxide  spalling 

Excessive  localized  intergranular  Oxidation 
Oxide  volatilization 

During  cooling  of  isothermal  oxidation  test  specimens  from  temperatures  of 
1800°F  or  greater,  spalling  of  the  surface  oxide  was  always  observed  for 
IN- 100,  SM-200,  and  Inco  713C  when  the  oxygen  uptake  exceeded  1.7,  1.5,  and 
1.0  mg/cnf*  ,  respectively.  Considering  that  a  weight  gain  of  1.0  mg/ctrf3 
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constitutes  only  approximately  1.0  X  1CT4  in. /side  of  metal  consumed,  the 
effect  of  spalling  at  first  appears  insignificant.  However,  during  exposure 
of  these  materials  under  service  conditions,  oxide  spalling  would  be  enhanced 
by  the  cyclic  temperatures  and  "thermal  fatigue"  conditions  which  would  prevail. 
Since  spalling  of  the  surface  oxide  scale  causes  the  material  to  resume  oxida¬ 
tion  at  the  usually  faster  initial  rate,  considerable  metal  can  be  consumod 
by  this  mechanism.  The  load-bearing  capacity  nnd  consequently  service  life 
or  re ■ lability  will  thus  be  impaired.  The  potential  severity  of  cyclic 
temperature  on  the  scale  adherence  and  subsequent  metal  consumption  for  IN- 100 
and  Inco  713C  was  illustrated  by  the  comparative  results  of  isothermal  and 
cyclic  oxidation  tests.  As  indicated  in  these  studies,  thermal  eye ling- induced 
spalling  can  produce  excessive  material  degradation  in  these  cast  alloys  as 
compared  to  Rene  Y,  which  is  notably  immune. 


The  spalling  tendencies  displayed  by  the  cast  alloys  are  attributed  to  the 
nature  and  morphology  of  the  oxides  formed  during  oxidation.  As  illustrated, 
the  scaling  and  subscaling  processes  which  occur  during  the  exposure  of  those 
alloys  are  complex,  Jeading  to  the  formation  of  a  heterogeneous  mixture  of 
oxides  which  results  in  spalling.  The  most  obvious  and  ideal  solution  to  this 
problem  of  excossive  spoiling  involves  the  formation  of  a  single-phase  tenacious 
oxide  scale  which  possesses  compatibility  with  the  base  metal.  This  can  be 
attained  theoretically  through  control  of  the  competition  which  exists  between 
scale  and  subscalo  reactions  by  the  addition  of  elements  which  increase  the 
effective  activity  of  desirable  constituents,  such  as  aluminum,  for  their 
eventual  incorporation  into  the  surface  oxide.  The  rare  earth  elements,  which 
are  less  noble  than  any  element  present  in  these  superalloys,  could  be  used 
for  sacrificial  internal  oxidation  and  in  the  process  increase  the  concentration 
of  otherwise  subscale  components  into  the  surface  scale.  Although  theoretically 
feasible,  this  approach  may  not  offer  any  significant  advantage  in  practice 
due  to  the  localized  segregation  which  exists  in  theso  cast  alloys. 


The  metallographic  examination  of  IN-100,  SM-200,  and  Inco  713C  subsequent  to 
oxidation  testing  above  1600°F  revealed  the  presence  of  massive  localized 
intergranular  oxidation  whose  severity  varied  with  alloy  and  exposure.  A 
ranking  of  alloys  would  indicate  IN- 100  the  most  susceptible  to  this  form  of 
attack,  and  Inco  713C  and  SM-200  equally  susceptible,  but  less  than  IN- 100. 
Strength  under  fatigue  loading,  where  failure  is  very  surface  sensitive,  is 
reduced  by  the  metallurgical  notch  effect  produced  by  this  type  continuous 
grain  boundary  oxide.  If,  however,  the  internal  oxides  formed  a  fine 
particulate,  non-continuous  layer  of  oxides,  they  may,  in  fact,  produce  a 
dispersion  strengthening  effect.  The  uniform  y'  dissolution  region  usually 
associated  with  the  fine  1,0.  region,  may  also  be  beneficial.  Without  this 
relatively  ductile  layer,  low  in  solute  and  usually  free  of  second  phase,  the 
Internal  reaction  products  could  produce  higher  stress  concentrations. 
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The  cause  of  the  undesirable  Intergranular  oxide  formation  is  attributed 
to  the  segregation  of  strong  oxide  formers,  particularly  titanium.  It  is 
possible  to  minimize  this  type  of  internal  ocidation  by  small  additions 
of  elements  less  noble  than  titanium  or  aluminum,  which  could  be  finely 
dispersed  to  servo  as  preferred  elements  in  the  competition  for  internal 
oxidation  formation.  This  could  theoretically  increase  the  effective 
activity  of  the  titanium  and  aluminum  sufficiently  to  prevent  the  formation 
of  I. 0.0.  to  allow  their  inclusion  in  the  surface  oxide.  Among  the  few  elements 
which  are  less  noble  than  titanium  or  aluminum  are  the  rare  earths  and  the 
Oroup  IIIB  metals. 


Liuring  the  isothermal  oxidation  testing  of  these  alloys  at  2000°F,  all  alloys 
with  the  exception  of  Rene  Y  displayed  some  degree  of  oxide  vaporization. 

However,  during  oxidation  in  high  velocity  (75  ft/sec),  natural  gas  combustion 
products,  oxide  volatility  was  markedly  accelerated.  This  effect  can  be  con¬ 
sidered  somewhat  analogous  to  that  produced  by  spalling  with  similar  consequences 
to  the  material.  Although  volatilization  does  not  produce  more  rapid  oxidation 
by  fresh  motal  exposure  as  in  the  case  of  spalling,  evidence  indicates  that  In 
the  process  the  protective  constituents,  namely  Cra03,  are  removed  from  the 
scale  yielding  u  less  protective  oxide,  a  higher  oxidation  rate,  and  a 
resultant  increase  in  metal  consumption.  The  extent  of  volatilization  has 
been  shown  to  bo  proportional  to  the  amount  of  chromium-rich  oxides  in  the  scale 
with  the  exception  of  Rene  Y.  The  amount  of  metal  loss  also  increases  with 
increasing  Cra03  content  or  the  amount  of  chromium-rich  oxides  in  the  surface 
scale.  The  lack  of  volatilization  from  oxide  acaleB  formed  on  Reno  Y,  which 
results  in  superior  resistance  to  high  velocity  gas  flow,  is  attributed  to 
the  formation  of  a  protective  surface  layer  of  La-induced  MnCr304  spinel. 


Oxide  volatilization  can  therefore  be  minimized  by  the  formation  of  either 
surface  oxide:  with  a  minimal  chromium  content  or  protective  chromium-bearing 
spinels  such  as  MnCr?04.  Here  again,  as  indicated  for  the  other  detrimental 
factors,  "rr.re  earth"  additions  may  provide  the  solution  to  this  problem 
by  altering  the  dominant  oxidation  mode,  yielding  more  stable  oxidation 
products.  The  lower  dissociation  pressure  of  these  newly  formed  surface 
oxides,  such  as  those  based  on  AljOg,  would  greatly  enhance  the  surface 
stability  of  tho  alloy. 


The  marked  improvement  in  oxidation  behavior  provided  by  minor  additions 
of  La  and  Mn  to  Hastclloy  X  (Rene  Y)  affords  an  excellent  example  of  the 
benefit  to  be  derived  using  minor  element  additions.  In  this  alloy  the 
addition  of  La  apparently  alters  the  scaling  process  by  decreasing  the 
effective  Ni  activity  in  the  oxide  and  subsequently  increasing  the  Cr  and  Mn 
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activities  to  produce  a  protective  manganese  chromate  spinel  oxide.  This 
spinel  phase  displays  a  high  resistance  to  volatilization.  The  La  addition 
also  produces  greater  scale  adherence  by  concentrating  at  the  grain  boundary 
cusps  formed  at  the  oxide/metal  interface  producing  an  oxide  which  apparently 
reduces  the  interfacial  stresses,  in  alloys  with  relatively  high  aluminum 
concentration  (4  to  7w/o)  an  #  Cr  content  (5-13w/o)  surface  oxides 
of  aluminum  would  probably  be  enhanced  yielding  a  tenacious  oxide. 

In  summary,  it  may  be  possible  to  minimize  the  deficiencies  pointed  out 
above  by  major  alloying  modifications.  However,  applying  this  approach  to 
the  complex  high  strength  alloys  would  undoubtedly  alter  the  already  critical 
structural  stability  and  hence  mechanical  properties  of  the  base  alloy  which 
in  turn  would  require  a  major  alloy  development  effort  to  avoid  adverse 
effects  while  improving  surface  stability.  The  Rene  Y  modifications  offer 
a  promising  technique  for  improving  surface  stability  without  major  property 
changes.  This  has  been  accomplished  by  the  addition  of  small  quantities 
of  the  "rare  earth"  type  elements  and  manganese.  The  suggested  approach 
toward  increasing  surface  stability  is  particularly  attractive  since  these 
additions  not  only  appear  to  promote  the  effectiveness  of  major  alloying 
elements  already  present  in  the  alloy  by  producing  protective  oxide  scales, 
but  the  amount  of  addition  required  is  usually  small  enough  to  have  an 
insignificant  effect  on  mechanical  properties. 
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APPENDIX 
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reicgr-CAiK  cgnyTior  test  data  fob  rew£  y 
Weight  Gain/Area  («g/ci^ ) 
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TABLE  X-A 


CONTINUOUS  WEIGHT-GAIN  CKILATION  TEST  DATA  AT  18Q0°F  IN  QRIT  BLAST  CONDITION 

Weight  Gain/Area  (mg/cni2  ) 


Time 
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IN- 

100 

Min. 

(#38) 

(#37) 

(#35) 
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0.021 

0.030 

10 

0.031 

0.037 

0.036 

0.050 

15 

0.  046 

- 

0.051 

0.060 

20 

0.053 

0.069 

0.067 

0.070 

30 

0.072 

0.080 

0.092 

0.100 

40 

0.087 

0.102 

O.’IB 

0.120 
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0.  Ill 
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0. 160 

80 
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0. 154 

0.192 

0.277 

0.260 

190 

0. 164 

0.214 

0.318 

0.300 

180 

0. 175 

0.235 

0.360 

0.340 

240 

0. 190 

0.273 

0.431 

0.420 

300 

0.200 

0.326 

0.503 

0.500 

360 

0.211 

0.374 

0.555 

0.560 

420 

0.216 

0.412 

0.601 

0.610 

480 

0.221 

0.444 

0.657 

0.640 

540 

0.231 

0.460 

0.699 

0.700 

600 

0.252 

0.486 

0.740 

0.730 

720 

0.252 

0.518 

0.822 

0.800 

840 

0.262 

0.551 

0.904 

0.840 

960 

0.272 

0.587 

0.976 

0.890 

1200 

0,303 

0.583 

1.217 

0.970 

1500 

0.334 

0.631 

1.541 

1.040 

1800 

0.365 

0.663 

1.746 

1.  100 

2400 

0.421 

0.706 

2.085 

1.210 

3000 

0.452 

0.748 

2.466 

1.320 

3600 

0.436 

0.786 

2.835 

1.430 

42  00 

0.411 

0.828 

3.082 

1.630 

4800 

0.334 

0.866 

3.339 

1.890 

5400 

0.349 

0.898 

3.688 

2.040 

Specimen  Surface 

Area  (cnf  ) 

9.7380 

9.3510 

9.7340 

9.7270 

♦Aetroloy  Sheet 


189 


REFERENCES 


1.  Wlodek,  S.  T. ,  "The  Oxidation  of  Ni-2%  ThOj"  R62FPD140,  General 
Electric  Company,  Evendale,  Olio,  May  4,  1962. 


2.  Wlodek,  S.  T. ,  "The  Oxidation  of  Reno  41  and  Udimet  700",  Trans. 

AIME  (1964),  230,  p.  1078. 


3.  Wlodek,  S.  T. ,  "The  Oxidation  of  Hastelloy  Alloy  X",  Trans.  AIME 
(1964),  230,  p.  177. 


4.  Sannier,  J. ,  Domingot,  R. ,  &  Darras,  R. ,  "Air  Oxidation  of  Two  Heat 
Resistant  Alloys;  Nicral  D  and  Hastelloy  X",  J.  Nucl.  Mater.,  (1959), 
3,  p.  213. 


5.  Radavich,  J.  F. ,  "High  Temperature  Oxidation  of  Oas-Turbine  Alloyn", 
in  High  Temperature  Materials,  R.  F.  Hehemann  and  0.  M.  Ault,  eds., 
p.  520,  John  Wiley  &  Sons,  New  York,  1959. 


6.  Malamand,  F.  &  Vidal,  G. ,  "The  Effect  of  Oxidation  on  the  Surface 
Chemical  Composition  of  Superalloys",  Rech.  Aeron.,  (1957),  No.  56, 
p.  47. 


7.  Preece,  A.,  &  Lucas,  G. ,  "The  High  Temperature  Oxidation  of  Some 
Cobalt-Base  and  Nickel-Base  Alloys",  J.  Inst.  Metals  (1952-53), 
81,  p.  219. 


8.  Poulignier,  J. ,  Buckle,  C. ,  &  Malamand,  F. ,  "Oxidation  of  Precipitation 
Hardened  Ni-Cr-Co-Mo  Alloys  Under  the  Effect  of  Surface  Work  Hardening", 
Rech.  Aeron.,  (1961),  No.  85,  p.  15. 


9.  Poulignier,  J.,  "The  Effect  of  Abrasion  on  the  High-Temperature  Oxidation 
of  Nickel-Base  Superalloys",  Corrosion  Anti-Corrosion,  (1962),  10,  p.  221. 


190 


REFERENCES 


(Cont inued) 


10.  Buckle,  C.,  Malamand,  F. ,  &  Poulignier,  J.,  "On  a  Particular  Case  of 
Oxidation  in  Precipitation  Strengthened  Ni-Cr-Co-Mo  Superalloys, 
Compt.  Rend.,  (1961),  252 ,  p.  3042. 


11.  Lehmann,  C.  R. ,  &  Poynter,  V.  M. ,  General  Electric  Company,  FPD, 
Evendale,  Ohio,  Private  Communication. 

12  A.  U.  Seybolt,  "Oxidation  of  Metals"  General  Electric  Company, 

Research  &  Development  Center,  Report  No.  82-RL-3151M,  November,  1962. 


13.  Tedmon,  C.  S. ,  Jr.,  "The  Effect  of  Oxide  Volatilization  on  the  Oxidation 
Kinetics  of  Cr  and  Fe-Cr  Alloys",  General  Electric  Company,  Research  & 
Development  Center,  Report  No.  66-C-094,  April  1966. 


14.  Lewis,  H.,  "The  Kinetics  of  the  Oxidation  Process  in  the  Nickel-Chromium 
Base  Alloys",  International  Nickel,  Ltd.,  Presented  for  Publication. 


15.  L.  R.  Woodyatt,  H.  J.  Beattie,  &  C.  T.  Sims:  Trans.  Met.  Soc.  AIME, 
1966,  Vol.  236,  No.  4,  pp  519-527. 


16  Rapp,  R.  A.,  "Kinetics  Microstructures  &  Mechanism  of  Internal  Oxidation  - 
Its  Effect  and  Prevention  in  High  Temperature  Alloy  Oxidation",  Corrosion 
(1965)  21,  pp.  382-401. 


17.  Evans,  U.  R. ,  "The  Corrosion  and  Oxidation  of  Metals"; Scientific  Principles 
and  Practical  Applications,  St.  Martin's  Press,  Inc.,  New  York,  I960. 


18.  Hagel,  W.  C. ,  Trans.  ASM  56,  p.  583  (1963). 


19.  Gulbransen,  E.  A.,  &  K.  F.  Andrew,  "Oxidation  Studies  on  the  Nickel 
Chromium  and  Nickel-Aluminum  Heater  Alloys",  J.  Blectrochem.  Soc. 
(1959),  106,  941. 


191 


Unclassified _ 

Security  Classification 


DOCUMENT  CONTROL  DATA  •  R&D 

(Security  elaaetlloatlon  ol  title,  body  of  ebttrect  and  Indentni  annatetlon  mutt  be  entered  wh*n  the  overall  report  to  cltitilitd) 

1.  ORIDINATIN  0  ACTIVITY  (Corporate  author)  i 

General  Electric  Company  ‘ 

Unclassified 

Engineering  Department \V- 

Zfc  OROUR 

Cincinnati,  Ohio  452 IS 

_ _ E/A _ 

1.  RtRORT  TITLE 


Nickel-Base  Suporalloy  Oxidation 

4.  OEICRIRTIVB  NOTEI  (Type  el  report  end  Ineluelvt  detei)  \  .  .  .  .  , 

Technical  Report  1  July  1965  -  3X January  1967 _ 

I.  AUTHOR^;  (Lett  niirif,  tint  nam,  Initial )  ' 


Wasielewaki,  Gerald  E, 

«.  RtRORT  DATE 

January  1967 _ 

M.  CONTRACT  OR  1RANT  NO. 

AF  33(fll5)-2881 

A.  RROJICT  NO. 

7321 

O. 

Task  No.  732102 


7«.  TOTAL  NO.  OR  RACE! 

191 


?fc.  NO.  OR  MR! 

19 


M.  ORIGINATOR'S  RERORT  num»«r(I; 


AIWL-TR-67-30 


It.  JJHJIR^RJRORT  NQflJ  (A  ny  other  numtere  that  may  ba  aatlpned 


10.  AVA|CAuLiTV/LiMiTATiQtMi<nritiE>;  This  document  is  subject  to  special  edfifo-t  patrols  am 
each /Transmittal  ter t  or&ton  governmepTfsibr  foreign  nafcioMls  may/oe  marie  only  with 
prior  approval  of/the  Materials  &  06ramics>DivisionXMAAM\Aij>Torce  Materitfig^ 
laboratory  ,\tei^ht-PatteraCT^Af>r  Ohio  4843frSww^.-'’'' 

1 1 .  iurrl  bmbntary  hotei  ia.  ironiorino  MILITARY  ACTIVITY 


11.  IURRLBMBNTARY  ^OTEI  1*.  IRONIORINO  MILITARY  ACTIVITY 

f  Air  Force  Materials  Laboratory 

/  Research  and  Technology  Division 

_ dfj  Wright-Patterson  AFB,  Ohio  45433 _ 

ii-  asitract . i k  program  to  determine  the  phenomenological  oxidation  .behavior  of  five 
commercial  nickel-base  ajlloys  (IN-100., SM-200,Inco  713C,Renif 41, and  U-700)  and  one 
experimental  alloy  (Rene  Y)  is  described  to  assure  the  intelligent  application  o,f 
these  alloyB  and  aid  In  the  development  of  alloys  with  improved  surface  stability. 

The  oxidation  characteristics  were  established  ns  a  function  of  alloy  composition, 
surface  preparation,  and  environmental  variables  Buch  as  time  (5  min  to  1000  hrs) , 
temperature  (1400  to  2100°!?),  and  air  flow  rate  (to  75.  ft/sec).  The  uxtonl  of  scale 
and  subBcale  reactions  were  measured,  the  reaction  products  identified  and  cor¬ 
related  with  morphology,  and  the  accompanying  kinetics  of  their  formation  studied. 

The  oxidation  behavior  of  these  alloys  is  complex  due  to  the  interplay  between 
heterogeneous  oxide  growth,  oxide  interaction,  oxido  volatilization,  and  spalling. 
However,  the  general  oxidation  behavior  is  controlled  by  the  competition  between 
scaling  and  internal  oxidation  reactions  which  could  be  estimated  by  thermodynamics 
Increased  air  flow,  thermal  cycling,  and  surface  deformation  generally  decreased 
the  oxidation  resistance  of  the  alloys.  Al^.tl^e  commercial  alloys  would  be 
limited  to  service  temperatures  below  1800<fF  due  to  excessive  spalling,  oxide 
vaporization,  or  intergranular  ox  lotion.  Rene  Y  displayed  potential  application 
at  temperatures  in  excess  of  20009P  due  to  the  lanthanum  induced  formation  of  u 
protective  UnCrJo^l  spinel  oxide. 

Higher  Al/Cr  ratios  (lower  Cr)  ana  minor  additions  of  "rare  earths"  and  Mn  were 
suggested  and  demonstrated  as  an  effective  moans  of  improving  the  surface  stability 
of  nickel-base  alloy. _  \  -  - -  - 

DD  1473  183 


Preceding  page  blank 


Security  Classification 


INSTRUCTIONS 


1.  ORIGIN  ATI  NO  ACTIVITYi  Enltrlha  nimi  and  addfeai 
ol  the  contractor,  subcontractor,  grantee,  Department  of  3t» 
fenae  icuvliy  nr  other  organisation  (corpo»4C  author;  laming 
tha  i opart, 

U.  REPORT  SECUWTY  CLASSIFICATION!  Entar  the  over* 
all  Kvrurity  cla»»lflcet Ion  of  the  report.  Indicate  whether 
"Reatricted  Doll"  lo  included.  Mark  Inf  to  lo  bo  In  aecortk 
met  with  appropriate  security  regulalluitl. 

2h.  GROUPi  Automatic  downgrading  lo  specified  1ft  DoD  DP 
recttve  5 200,  10  and  Armod  Foroee  Industrial  Manual,  Ente? 

I  ha  group  number,  Aloo,  whan  oppllcoblo,  ahow  (hoi  optional 
marking*  havo  boon  uotd  for  Qruup  3  and  Orcup  4  aa  author* 
lied. 

3.  REPORT  TITLE:  Emor  tho  complolo  report  title  In  all 
capital  Itlttro.  Tlllto  in  all  coara  ahouid  ba  unclaaalflad. 

If  a  moan !r, gful  till#  cannot  bo  ooloctad  without  claeilfice- 
lion,  ahow  ml*  clarification  In  all  capitals  in  poranthaala 
immediately  following  tho  till*. 

4,  DESCRIPTIVE  NOTES:  If  appropriate  on  tor  tha  type  of 
rtport,  e.g. ,  interim,  progress.  aummary,  annual,  or  final. 

Glva  lh«  mcluaivt  dates  whan  a  specific  reporting  period  la 
covered. 

5.  AUTMOR(S):  F.nter  lha  nama(a)  of  authoKa)  aa  ahown  on 
or  in  tho  report.  Enlat  taat  noma,  fir  at  namt,  middle  initial. 

If  military,  ahow  rank  and  branch  of  aarvica.  Tha  nama  of 
lha  principal  •  «thor  lu  an  abaoluta  minimum  requirement 

6,  REPORT  DAT L.  Enter  tha  data  of  tha  report  aa  day, 
month,  year,  or  month,  year.  If  more  than  one  dote  appeara 
on  thn  report,  uae  dale  of  publication. 

7a.  TOTAL  NUMHF.R  OP  PAGES:  The  total  page  count 
ahouid  follow  normal  pagination  procedural,  I. e. ,  enter  the 
numbvr  nf  pagea  containing  information. 

76.  NUMUKR  OF  REFERENCES  Entar  (he  total  number  of 
reference!  cited  in  the  report. 

Ba,  CONTRACT  OR  GRANT  NUMBER!  If  appropriate,  enter 
the  applicable  number  of  the  contract  or  grant  under  which 
the  report  wat  written. 

16,  Sr,  fli  id.  PROJECT  NUMOER:  Enter  the  appropriate 
military  department  identification,  ouch  aa  project  number, 
subproject  number,  ayatem  numbera,  teak  number,  etc. 

9e.  ORIGINATOR'S  REPORT  NUMBER(S)i  Enter  the  offi¬ 
cial  report  numbor  by  which  the  document  wtu  be  identified 
and  controlled  by  the  originating  activity.  This  number  must 
be  unique  to  this  rtport, 

96.  OTHER  REPORT  NUMGER(S)i  If  the  report  hee  been 
eeelgned  any  other  report  numbera  fair  her  by  lha  originator 
o»  ky  I*,  iponaor),  .|«.  enter  thle  numbet(l), 

10.  A  VAIL  ABILITY /LIMITATION  NOTICE!,  Enttr  any  llm- 
Italian.  an  fualhai  dlaeemlnallon  of  tho  ..port,  other  thin  Iho.e 


Impoe-d  ky  eecurliy  claaeltleatlon,  utlng  atandard 
auch  i. 

(1)  "Qualified  requaeiare  may  obtain  Capita  of  thin 
rtport  from  DDC." 

(2)  "Foreign  announcement  and  dlooemlnatlen  of  Ihla 
rtport  by  DDC  la  not  authoriaad. " 

())  "0.  I,  Government  agtnclea  may  obtain  capiat  of 

Ihla  report  directly  In*  DDC.  Olhor  qualified  DDC 
uteri  ahall  raquaal  ihrouih 


"U.  I.  mililary  aianciaa  may  obtain  capita  af  ihla 
roporl  directly  Iron  DDC  Olhar  qualified  uatra 
ahall  raquaal  Ihrouih 


(5)  "Ail  dlatrlbullon  of  Ihla  raporl  lo  controlled  Quel- 
Iliad  DDC  uaora  ahall  raquoil  through 

If  tha  report  hot  boon  furnlahod  lo  Iho  Office  ol  Tochnieel 
Service!.  DtptMmtni  of  Commerce,  fur  tola  lo  lha  public,  Indi¬ 
cia  Ihla  ltd  and  anlar  thtprtct,  If  bnowiv 

11.  SUPPLEMENTARY  NOTE!:  U».  for  additional  enplane- 
lory  note. 

12,  SPONSOHINO  MILITARY  ACTIVITY:  Enter  tha  nama  of 
tha  departmental  project  office  or  laboratory  eponaoring  /pep- 
wg  lor)  I  hr  roaaarch  and  davolopmanl.  Include  addroaa. 

12.  ADSTKACT:  Enter  an  ehelrect  giving  a  brief  and  factual 
aummary  n(  the  document  Indicaliva  of  the  report,  even  though 
It  may  alia  appear  tlaawhtr*  In  lha  body  nf  lha  lochai.cn I  re¬ 
port.  If  addlllunal  upaca  la  required,  a  continuation  ahtai  ahall' 
ba  aliachad. 

Ii  ta  hlchly  deniable  that  lha  abalracl  of  claaalfied  raporta 
ba  unci. ■>, had  Etch  paragraph  of  lha  abalracl  ahall  lad  with 
an  tnUlcaltun  ol  the  mililary  aecurlty  olaaalflcallon  of  lha  in> 
formation  in  lha  paragraph,  rapraatnltd  a.  ryj>,  MJ.  fCJ.  er  (0). 

Thera  la  no  itmlteiton  on  tha  length  of  lha  abalracl.  How¬ 
ever,  lha  auggttted  length  it  from  1.0  In  229  word., 

14  NEY  WORDS:  Kay  word,  are  lachnlcally  meaninglul  term, 
or  ahorl  phroaoa  that  choroctorlao  ■  report  and  may  bo  uaod  aa 
India  on  trial  for  cataloging  lha  rtporl.  Kay  werdi  mual  ba 
itltctrd  to  that  no  oocurlly  claa.iflcaiion  la  required,  Identl- 
fieri,  auch  aa  tquipmanl  modal  delimit, on,  trade  name,  mililary 
proiecl  code  name,  geographic  location,  may  bo  Ultd  il  key 
word,  but  will  bo  followtd  by  an  indication  of  technical  eon- 
leal.  Tha  aaaignman)  of  linbt,  rulaa,  and  weigh,,  la  optional. 


194 


